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Hillary Righini 1,*, Roberta Roberti 1,* and Stefania Galletti 2

1 Department of Agriculture and Food Sciences, Alma Mater Studiorum, University of Bologna,
40127 Bologna, Italy

2 Research Centre for Agriculture and Environment, Council for Agricultural Research and Economics,
40128 Bologna, Italy; stefania.galletti@crea.gov.it

* Correspondence: hillary.righini2@unibo.it (H.R.); roberta.roberti@unibo.it (R.R.)

1. Introduction

European Regulation No. 1107/2009 [1] recommends the adoption of alternatives to
synthetic products among plant protection products, thereby repealing Council Directives
79/117/EEC [2] and 91/414/EEC [3]. This recommendation is driven by the potential adverse
effects of synthetic products on the environment, as well as on human and animal health [4,5].
Furthermore, the European “Green Deal” has introduced various initiatives that aim to facilitate
a green transition to counteract climate change and safeguard the environment.

One of the key objectives outlined in the “Green Deal” is to substantially reduce the use of
chemical pesticides in agriculture by 2030 [6,7], to reduce the associated risks and to address
potential challenges in the management of plant pathogens. This strategy also outlines a set of
measures to be achieved by 2030, including the promotion of 25% of organic agriculture. This
ambitious target highlights the need for innovative research to identify alternative solutions
to chemical pesticides. Over the past ten years, most of the research has focused on the
use of beneficial microorganisms such as fungi and bacteria [8–10], natural substances [11,12],
resistant varieties [13,14], RNAi gene silencing that targets specific pathogens [15,16] and organic
cultivation systems [17].

2. Special Issue Contents

The Special Issue on “Sustainable Control Strategies of Plant Pathogens in Horticul-
ture” features research articles and two reviews. These contributions present potential
alternatives to synthetic pesticides, showing innovative results related to the use of natural
substances, beneficial microorganisms and resistant varieties in the management of several
pathogens affecting plants.

The majority of the articles deal with the antifungal activity of natural substances
derived from plants (Table 1), such as essential oils from thyme, common juniper and hyssop
(1); giant reed extract (Arundo donax) (2) against Alternaria spp. and Phytium ultimum; and
extracts from Argentinian plant species against Penicillium spp. and Geotrichum citri-aurantii
(3). On the same topic, two articles demonstrate the in vitro antifungal activity of saponins
from Medicago species; oat grains and homogenates from sprouts of Brassica species against
Verticillium dahliae (4); and the in planta disease reduction of Rhizoctonia solani, P. ultimum and
Fusarium oxysporum following tomato seed treatment with water-soluble polysaccharides
from Jania adhaerens (5). Three more articles focus on the potential of by-products and
bio-composts to reduce disease symptoms and increase plant resistance to pathogens. An
alkaline residue from Gelidium sesquipedale agar production elicits resistance in tomato and
reduces Plasmopara viticola symptoms in the vineyard (6), and the guava wood vinegar by-
product of charcoal production effectively reduces potato black dot disease by Colletotrichum
coccodes (7). Several bio-composts from aromatic plant residues controlled damping-off by
R. solani and Sclerotinia sclerotiorum on garden cress (8).

Horticulturae 2024, 10, 146. https://doi.org/10.3390/horticulturae10020146 https://www.mdpi.com/journal/horticulturae
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Table 1. Main results obtained with natural substances in this Special Issue.

Natural Substances Plant/Pathogen/Method Activity Ctrb.

Essential oils of
thyme,
common juniper, hyssop

Carrot (C), tomato (T) and onion (O)
seeds naturally infected by
Alternaria spp.
Agar plate assay amended with
essential oils.

Thyme and common juniper: 40–100%
long-lasting antifungal activity for C, T and O.
Hyssop: no activity for C; 20–60% long-lasting
antifungal activity for T and O.

1

Giant reed extract Zucchini.
Plant growth substrate inoculated
with Pythium ultimum and treated
with the extract.

Disease reduction up to 73% and pathogen
growth (colony forming units) in the substrate
by 90%.

2

Forty extracts from
20 Argentinian plant species

Penicillium digitatum, P. italicum and
Geotrichum citri-aurantii.
Agar plate diffusion assay.

Inhibition of G. citri-aurantii growth of more
than 50% by most of the extracts.
Inhibition of P. digitatum and P. talicum by
some extracts.

3

Saponins from Medicago
species and oat grains and
homogenates from sprouts of
Brassica species

Verticillium dahliae.
Agar plate assay amended with
saponins and homogenates.
Maize and tomato seeds treated and
sown on filter paper.

Reduction in mycelium growth and conidium
formation.
No phytotoxic effect on seed germination.

4

Water-soluble polysaccharides
from Jania adhaerens

Tomato.
Seeds treated with polysaccharides.
Plant growth substrate inoculated
with Rhizoctonia solani and P. ultimum
before seeding or with Fusarium
oxysporum before transplant.

Disease reduction of R. solani, P. ultimum and F.
oxysporum up to 58%, 53% and 29%,
respectively.
Increase in seedling emergence and plant
development.
Up-regulation of HQT, HCT, PR1 PAL and
PR2 genes.
Increase in β-1,3-glucanase activity.

5

Gelidium sesquipedale
by-product (alkaline residue)

Tomato.
Greenhouse experiments.
Grapevine.
Plasmopara viticola in field trials.

Increase in peroxidase and PAL activities and
up-regulation of PR9 genes in tomato plants.
Reduction in downy mildew symptoms
in grapewine.

6

Guava wood vinegar
by-product of charcoal
production

Potato.
Colletotrichum coccodes.
Agar plate assay amended with the
by-product.
Pot experiments—stem/soil
inoculation with the pathogen.

Inhibition of pathogen mycelial growth.
Black dot disease reduction by an average of
23% (stem colonization), 20% (roots covered
with sclerotia) and 30% (wilted plants) in the
two seasons of experiments.

7

Bio-composts from aromatic
plant residues

Garden cress.
R. solani, Sclerotinia sclerotiorum.

Reduction in S. sclerotiorum damping-off by all
of the raw composts. Reduction in R. solani
damping-off by 7 composts.
Overall, 2 composts showed suppression levels
up to 60%.

8

Three articles deal with beneficial microorganisms to control fungal and viral diseases
(Table 2). Among these, Bacillus amyloliquefaciens as a soil amendment and B. subltilis
culture filtrate that was sprayed on leaves were effective in reducing apple replant disease
(9) and TMV accumulation in tomato (10). One contribution showed the mycoparasitic
activity of Trichoderma species against Fusarium solani, the compatibility of T. asperellum with
captan and mancozeb and the incompatibility of all Trichoderma species with chlorothalonil
in vitro (11).

2
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Table 2. Main results obtained with beneficial microorganisms and resistant varieties in this Special Issue.

Plant/Pathogen/Method Activity Ctrb.

Microorganisms

Bacillus amyloliquefaciens
QSB-6

Apple replant disease.
Soil amendment.
Field conditions.

Increase in plant growth parameters (i.e., plant
height), soil bacteria population (i.e.,
Actinomycetes) and soil enzymatic activity.
Reduction in soil phenolic acid content and
Fusarium spp. population.

9

Bacillus subtilis HA1
culture filtrate

Tomato.
TMV.
Foliar treatment.
Pot experiments.

Increase in plant growth (root and
shoot parameters).
Increase in total phenolic and flavonoid content
up to 27 and 50%, respectively, and in the
activity of ROS-scavenging enzymes.
Reduction in TMV accumulation up to 91%.
Up-regulation of PR1, PAL, CHS and HQT genes.

10

Trichoderma asperellum
T. hamatum
T. harzianum
T. koningiopsis

Fusarium solani.
Dual plate assay on agar medium
not amended or amended with the
fungicides captan, chlorothalonil
and mancozeb.

Trichoderma species inhibited F. solani up to 67%.
High compatibility of T. asperellum with captan
and mancozeb.
No compatibility of Trichoderma species with
chlorothalonil.

11

Resistant varieties

Fourteen Tunisian melon
landraces

Podosphaera xanthii, 3 races (2, 3.5
and 5).
Artificial infection in a growth
chamber.
Natural infection in a greenhouse.

Susceptibility of all landraces to the 3.5 and
5 races and resistance of several landraces to race
2, in the growth chamber. The resistance of three
landraces to P. xanthii race 2 was confirmed
under natural conditions.

12

Table 2 also reports an article on the possibility of using melon landraces to counteract
powdery mildew caused by three races of Podosphaera xanthii (2, 3.5 and 5) under both
artificial and natural infection, showing that the resistance of the three melon landraces to
race 2 of the pathogen was confirmed under natural conditions (12).

The topic of this Special issue is complemented by two reviews (13, 14). One review
(13) focuses on sustainable options for the management of diseases in horticulture, such
as the use of biocontrol agents, natural products, forecasting models, precision farming,
nanotechnology, endotherapy, systemic resistance inducers and gene silencing. The second
review (14) deals with the use of basic substances against several seed-borne pathogens,
fungi, oomycetes, phytoplasma, bacteria and viruses. The basic substances are active, non-
toxic substances which fulfil the criteria of a “foodstuff” as defined in Article 2 of Regulation
(EC) No 178/2002 [18]. For their use as plant protection products, basic substances are
regulated in the EU according to criteria presented in Article 23 of Regulation (EC) No
1107/2009 [1]. The basic substances examined in this review (14) are those already approved
in Europe and some of those that are still under evaluation.

3. Conclusions

This Special Issue comprises articles that aimed to identify alternative, sustainable and
effective strategies for the management of important plant diseases. The extensive use of
synthetic fungicides in managing plant diseases has led to the development of resistance
in fungi and oomycetes. Additionally, in recent years, there has been growing consumer
demand for food devoid of residues and produced in an environmentally friendly manner.
Following this trend, the potential strategies outlined in this Special Issue offer viable
alternatives for adoption in large-scale trials.

All the articles contribute valuable insights that enhance understanding in these
research fields and have the potential to facilitate future sustainable practical solutions for
plant disease management.

3
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Abstract: Strawberry wilt is a disease caused by Fusarium solani, which it provokes the death of the
plant. Farmers mainly use chemical methods for its control, which has a negative impact on the
environment and human health. Given the growing demand for organic agricultural products, com-
patible alternatives must be sought for disease management that can reduce the doses of fungicides.
A combination of pesticides and biological control agents could be an alternative for the management
of F. solani. Consequently, investigations on fungicide compatibility and synergistic effects are recom-
mended in relation to the biological control of strawberry wilt. In this study, potential antagonism was
calculated according to the class of mycoparasitism and the percentage inhibition of radial growth in
order to later design a compatibility model of the different species of Trichoderma with three protective
fungicides at different concentrations. The potential antagonism showed that Trichoderma asperellum
presented high compatibility with the fungicides Captan and Mancozeb added in concentrations of
450, 900, and 1350 mg L−1. The use of antagonistic strains together with the fungicide Chlorothalonil
in its three concentrations showed a negative effect on the growth of Trichoderma species, which
caused low and null compatibility against the MA-FC120 strain of F. solani in vitro.

Keywords: potential antagonism; F. solani; compatibility; strawberry wilt; antagonist agents

1. Introduction

Crown and root rot in strawberry cultivation is the most important and destructive
disease of the crop worldwide [1]. The disease limits plant growth and fruit production,
causing large economic losses and low yields [2,3], especially when heat and humidity
stress is induced [4].

Strawberry wilt is a disease induced by Fusarium solani, which produces stunted plant
growth, followed by wilting, and finally plant death [5–7]. Lately, in Spain, it has been
reported in strawberry crops, both in nurseries and production fields [8]. Likewise, it has
been described as a strawberry pathogen in Italy [9], Iran, and Pakistan [10]. However, in
Mexico there have been few reports [11].

To reduce losses caused by F. solani in strawberry production, farmers use chemical
control methods, which have become an essential part of agriculture [12,13]. Consequently,
chemical fungicides are still used recklessly as the primary means of disease control through-
out the world. Isolates of F. solani species have recently been reported to show reduced

Horticulturae 2023, 9, 905. https://doi.org/10.3390/horticulturae9080905 https://www.mdpi.com/journal/horticulturae
6



Horticulturae 2023, 9, 905

susceptibility to azoles in agriculture, an attention-grabbing fact [14,15]. In addition, the
intensive use of fungicides has an adverse effect on human health and a negative impact
on the environment [16,17].

There is currently awareness and concern among fruit and vegetable consumers regard-
ing pesticide residues in food, with an emphasis on minimizing their use and application
without increasing risks in agricultural production [18]. It is crucial to intensify efforts to
develop alternative farm management practices that can reduce the use of chemicals to
control F. solani in a sustainable and environmentally friendly manner. A combination of
pesticides and biological control agents (BCAs) could be an effective tool and improve the
fight against plant pathogens in a more reliable way [19]. Likewise, environmental impacts
could be reduced by using low concentrations of fungicides, which would help to minimize
the danger associated with the use of chemical pesticides [20–22].

The possibility of generating a synergistic effect with the application of fungicides and
biological antagonists, such as Trichoderma spp. has been reported by several authors [23].
Terrero et al. [24] reported the compatibility of Trichoderma species with azoxystrobin and
copper hydroxide fungicides, and Ruano et al. [25] implemented the use of Trichoderma
spp. and the fungicide fluazinam (in concentrations of 0.01 and 0.05 mg L−1) for the
control of Rosellinia necatrix in avocado plants. In a study conducted by Wang et al. [26], a
greater control of root rot was reported as well as elevated survival of coneflower seedlings
(Echinacea spp.) with the combination of Trichoderma and fludioxonil against Fusarium sp.
in greenhouses. However, the control of wilting of strawberry crops remains a challenge.
Therefore, the objective of this investigation was to evaluate the in vitro compatibility
of four species of Trichoderma with three broad-spectrum fungicides through potential
antagonism (PA) against the MA-FC120 strain of F. solani.

2. Materials and Methods

2.1. Biological Material

The strains used were T-H4 of Trichoderma harzianum, T-K11 of Trichoderma koningiopsis,
T-AS1 of Trichoderma asperellum, and T-A12 of Trichoderma hamatum, isolated from the
root of Persea americana; the sequences of these strains were deposited in the National
Center for Biological Information (NCBI) database with accession numbers MK779064,
MK791648, MK778890, and MK791650, respectively. The MA-FC120 strain of F. solani was
used, which is pathogenic for strawberry cultivation [3], with accession number OM616884,
characterized by the Phytopathology Laboratory 204 of the Agroecology Center of the
Institute of Sciences, BUAP.

2.2. Characterization of the Rate of Development and Growth

For the evaluation of development rate, 10-day-old fragments of 5 mm in diameter
with active growth of F. solani (MA-FC120), T-H4 of T. harzianum, T-K11 of T. koningiopsis,
T-AS1 of T. asperellum, and T-A12 of T. hamatum were seeded individually in Petri dishes
(9 cm in diameter) containing 20 mL of PDA (Bioxon, Becton Dickinson, Cdad., Mexico,
Mexico) and incubated at 28 ◦C for 10 days in the dark. Every 12 h, the diameter of the
mycelium was measured with a digital vernier (CD-6 Mitutoyo, Naucalpan de Juarez,
Mexico) to assess the growth rate (cm d−1), which was calculated with the linear growth
function [27] as per Equation (1):

y = mx + b (1)

where

y = Distance;
m = Slope;
x = Time;
b = Constant factor.

The experiment was repeated in duplicate in a completely randomized statistical
design, with three replicates for each treatment.
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2.3. Dual Test on Poisoned Culture Medium In Vitro

The controlled poisoning technique was performed [28] on potato dextrose agar
(PDA, Bioxon, Becton Dickinson and Company, Querétaro, Mexico) using three protective
fungicides (Chlorothalonil, Mancozeb, and Captan) at different concentrations (Table 1). To
determine the percentage inhibition of radial growth (PIRG), we used PDA discs (5 mm
in diameter) with the mycelium of Trichoderma spp. and F. solani. They were placed at the
ends of the poisoned Petri dishes with 7.5 cm between them (antagonist–phytopathogen).
All plates were sealed with Parafilm® and incubated in the dark at 28 ◦C for 10 days.

Table 1. Fungicides used at different concentrations evaluated.

Fungicide
(Tradename)

Active Ingredient Molecular
Formula

Concentration (mg L−1)

Low Recommended High

Control Water H2O - - -
Captan 50® Captan C9H8Cl3NO2S

450 900 1350Mancosol 80® Mancozeb C4H6MnN2S4
Talonil 75® Chlorothalonil C8Cl4N2

Radial growth of the fungal colony was evaluated every 12 h until the first contact
between the mycelia of each antagonist with F. solani occurred. The percentage inhibition
of radial growth (PIRG) was calculated based on the formula of Equation (2) [29]:

PIRG% = (R1 − R2)/R1 × 100 (2)

where

PIRG = Percentage inhibition of radial growth;
R1 = Radial growth (mm) of F. solani without Trichoderma spp.;
R2 = Radial growth (mm) of F. solani with Trichoderma spp.

Mycoparasitism ability due to the invasion of the antagonist or colonization on the
mycelial surface of F. solani was evaluated according to the scale proposed by Bell et al. [30]
(Table 2).

Table 2. Mycoparasitism class using Bell scale [30] in vitro.

Class Mycoparasitism (%) Characteristics

I 100 Trichoderma grew completely over F. solani and covered the entire mid-surface.
II 75 Trichoderma grew over at least two-thirds of the mid-surface.
III 50 Trichoderma and F. solani colonized approximately half of the mid-surface.
IV 25 F. solani colonized at least two-thirds of the mid-surface.
V 0 F. solani grew completely over Trichoderma and occupied the entire mid-surface.

The experiment was repeated in duplicate in a completely randomized statistical
design, with four replicates for each treatment.

2.4. Potential Antagonism

Potential antagonism (PA) was calculated by averaging the results of the mycopara-
sitism class (Bell) and percentage inhibition of the radial growth rate (PIRG), as proposed
by Reyes-Figueroa et al. [31] (3):

PA% = (Bell + PIRG)/2 (3)

where

PA = Potential antagonism expressed as a percentage;
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Bell = Trichoderma mycoparasitism against F. solani;
PIRG = Inhibition of radial growth of F. solani.

The design of the model of compatibility (C) of Trichoderma with different fungicides
included the identification of the highest and lowest potential antagonism (PA). Then, the
difference between them was calculated and divided by four [32]. Finally, the quotient
was added to the lower performance progressively until the formation of four groups was
achieved (Table 3).

Table 3. Compatibility of Trichoderma strains under different protective fungicides.

Grade Ranges (%) Compatibility

I 23 to 42 Null
II 43 to 59 Low
III 60 to 75 Medium
IV 76 to 93 High

2.5. Statistical Analysis

Data were analyzed using ANOVA (two-way) in the statistical package SPSS Statistics
version 17 for Windows. Growth rate and development rate were response variables.
Data were subjected to Bartlett’s test of homogeneity, and subsequently a Tukey–Kramer
comparison of means test was performed with a probability level of p ≤ 0.05.

The mycoparasitism class (Bell), percentage inhibition of radial growth (PIRG), and
potential antagonism (PA) of the strains were expressed in percentages and transformed
with angular arccosine

√
x + 1. Subsequently, the variable compatibility (C) was analyzed

under the analysis of variance (multivariate ANOVA) using a quadratic response model to
determine significant differences between treatments, under the following mathematical
model (4):

Cγj = μ + ti + εij (4)

where

Cγj = Value of the response variable of the experimental unit associated with the γ-th
treatment and the j-th repetition;

μ = Corresponds to the overall mean of the response variable in the experiment;
ti = Effect of the γ-th treatment;
εγj = Error of the experimental unit associated with the γ-th treatment;
j = The j-th repetition;
γ = 1, 2, 3, 4, . . ., 40;
j = 1, 2, 3, 4;
C = Compatibility (C%).

Finally, a Tukey–Kramer mean comparison test was performed with a probability level
of p ≤ 0.05.

3. Results

The rate of development and growth had highly significant differences (p ≤ 0.05); T.
koningiopsis (T-K11) obtained the highest value with 1.17 ± 0.02 mm/h−1 and
26.82 ± 0.6 cm d−1, respectively (Table 4). F. solani showed the lowest growth rate
(6.71 ± 0.08 cm d−1).

The percentage inhibition of radial growth (PIRG) in the control group did not show
significant differences (p = 0.087). Confrontation of the different Trichoderma species against
F. solani showed an inhibition between 60 and 70% from the tenth day (Table 5). However,
the highest percentage inhibition was obtained with T. harzianum (DTHR0), achieving
67.31%. Similarly, T. hamatum (DTH0) presented the second-best inhibition with 66.95%;
both antagonistic strains presented a class II classification (Figure 1) on the scale established
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by Bell et al. [30]. T. konigiopsis presented the lowest percentage inhibition of radial growth
of 64.34%.

Table 4. Development and growth rate of 10-day-old colony of Trichoderma strains and F. solani on
PDA medium.

Code Species Strains
* Development Rate

(mm h−1)
* Growth Rate

(cm d−1)

DTF0 F. solani MA-FC120 0.28 ± 0.08 e 6.71 ± 0.08 e

DTH0 T. hamatum T-A12 1.02 ± 0.02 d 26.19 ± 0.53 b

DTA0 T. asperellum T-AS1 1.07 ± 0.05 c 24.92 ± 1.34 d

DTK0 T. konigiopsis T-K11 1.17 ± 0.02 a 26.82 ± 0.6 a

DTHR0 T. harzianum T-H4 1.14 ± 0.5 b 25.20 ± 0.02 c

* Means with different letters indicate statistically significant differences by ANOVA–Tukey test (p < 0.05).

Table 5. Percentage inhibition of radial growth (PIRG) and mycoparasitism on the Bell scale [30].

Code Fungicide
Concentration

(mg L−1)
Species * PIRG (%) SE Bell Scale

DTH0
Control
(PDA)

-

T. hamatum 66.95 bcde ± 0.34 II
DTA0 T. asperellum 66.91 bcde ± 0.26 II
DTK0 T. konigiopsis 64.34 def ± 0.59 II

DTHR0 T. harzianum 67.31 bcde ± 1.16 II
DTH1

Captan

450

T. hamatum 71.11 bcde ± 1.63 II
DTA1 T. asperellum 76.33 a ± 1.16 I
DTK1 T. konigiopsis 67.37 bcde ± 1.31 II

DTHR1 T. harzianum 74.82 b ± 1.01 I
DTH2

900

T. hamatum 69.19 bcde ± 3.16 II
DTA2 T. asperellum 73.68 bc ± 1.34 I
DTK2 T. konigiopsis 66.30 bcde ± 0.32 II

DTHR2 T. harzianum 74.58 b ± 1.11 I
DTH3

1350

T. hamatum 68.37 bcde ± 2.19 II
DTA3 T. asperellum 72.84 bcd ± 1.08 I
DTK3 T. konigiopsis 64.84 cde ± 2.32 II

DTHR3 T. harzianum 72.15 bcd ± 2.51 I
DTH4

Mancozeb

450

T. hamatum 67.96 bcde ± 0.85 II
DTA4 T. asperellum 68.56 bcde ± 1.40 I
DTK4 T. konigiopsis 64.76 cde ± 1.09 II

DTHR4 T. harzianum 69.60 bcde ± 1.27 II
DTH5

900

T. hamatum 65.88 bcde ± 1.00 II
DTA5 T. asperellum 67.93 bcde ± 1.14 I
DTK5 T. konigiopsis 62.82 efg ± 0.82 II

DTHR5 T. harzianum 68.21 bcde ± 1.80 II
DTH6

1350

T. hamatum 65.72 bcde ± 0.82 II
DTA6 T. asperellum 66.16 bcde ± 0.91 I
DTK6 T. konigiopsis 62.47 efg ± 0.15 II

DTHR6 T. harzianum 67.29 bcde ± 0.60 II
DTH7

Chlorothalonil

450

T. hamatum 49.52 h ± 1.22 III
DTA7 T. asperellum 28.71 i ± 2.24 IV
DTK7 T. konigiopsis 55.38 fgh ± 1.88 III

DTHR7 T. harzianum 46.33 h ± 2.36 III
DTH8

900

T. hamatum 48.38 h ± 0.68 III
DTA8 T. asperellum 28.62 i ± 2.94 IV
DTK8 T. konigiopsis 50.91 gh ± 1.96 III

DTHR8 T. harzianum 28.15 i ± 1.83 IV
DTH9

1350

T. hamatum 48.05 h ± 3.65 III
DTA9 T. asperellum 24.35 i ± 0.97 IV
DTK9 T. konigiopsis 49.62 h ± 1.26 III

DTHR9 T. harzianum 26.72 i ± 1.19 IV

* Means with different letters indicate statistically significant differences by ANOVA–Tukey test (p < 0.05);
SE = standard error.
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Figure 1. In vitro mycoparasitism of 10-day-old species of Trichoderma against F. solani in PDA.
(A) T. konigiopsis; (B) T. asperellum; (C) T. hamatum; and (D) T. harzianum.

In general, the class of mycoparasitism found in this study at 10 days was similar in
all Trichoderma strains. In the present investigation, the Trichoderma strains demonstrated a
class II classification (Figure 1) according to the scale of Bell et al. [30].

The treatment that obtained the highest percentage inhibition of radial growth (PIRG)
in the poisoned culture medium was DTA1 (76.33%), in which the antagonist strain corre-
sponded to T. asperellum in potato dextrose agar dishes with 450 mg L−1 of Captan fungicide
added. This difference was statistically significant with respect to the other treatments
(p = 0.007). Similarly, T. harzianum (DTHR1) showed the second-best inhibition at 74.82%
with the same concentration of Captan fungicide.

T. konigiopsis presented the lowest percentage inhibition of radial growth (PIRG),
64.84%, in the PDA culture medium with 1350 mg L−1 of Captan fungicide added (Table 5).
The antagonistic strains T. asperellum and T. harzianum demonstrated a class I classification
(Figure 2) according to the scale of Bell et al. [30]. This was dissimilar to T. konigiopsis and T.
hamatum which had a classification of mycoparasitism II.

Figure 2. In vitro mycoparasitism of different species of Trichoderma against F. solani in PDA medium
with Captan added at different concentrations. (A–D) Captan at 450 mg L−1; (E–H) Captan at
900 mg L−1; (I–L) Captan at 1350 mg L−1; (A,E,I) T. konigiopsis; (B,F,J) T. asperellum; (C,G,K)
T. hamatum; (D,H,L) T. harzianum.
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The behavior of the Mancozeb fungicide showed significant differences (p = 0.002). The
highest percentage of radial growth inhibition (PIRG) was obtained in the DTHR4 treatment
(69.60%), corresponding to T. harzianum in the PDA culture medium with 450 mg L−1

of Mancozeb fungicide. Similarly, T. asperellum (DTA4) demonstrated the second-best
inhibition at 68.56%, classified as class I on the scale established by Bell et al. [30], of the
three concentrations used. T. konigiopsis presented the lowest percentage inhibition of radial
growth (PIRG), between 62.47 and 64.84%, in the potato dextrose agar dishes with 450, 900,
and 1350 mg L−1 of Mancozeb fungicide (Table 5). The antagonistic strains T. konigiopsis, T.
hamatum, and T. harzianum demonstrated a class II classification (Figure 3) according to the
scale of Bell et al. [30].

 

Figure 3. In vitro mycoparasitism of different species of Trichoderma against F. solani in PDA medium
with Mancozeb added at different concentrations. (A–D) Mancozeb at 450 mg L−1; (E–H) Mancozeb
at 900 mg L−1; (I–L) Mancozeb at 1350 mg L−1; (A,E,I) T. konigiopsis; (B,F,J) T. asperellum; (C,G,K)
T. hamatum; (D,H,L) T. harzianum.

The treatments in which the Chlorothalonil fungicide was not added presented a
higher PIRG; however, we observed that T. konigiopsis (DTK8) demonstrated the best
inhibition (55.38%), classified as class III on the scale established by Bell et al. [30]. This
difference was statistically significant with respect to the other treatments (p = 0.001).

T. hamatum in the treatments with 450, 900, and 1350 mg L−1 of the fungicide
Chlorothalonil (Table 4) in the PDA culture medium presented the second-best percentage
inhibition of radial growth (PIRG). The results obtained were between 48.05 and 49.52%.
The strain that presented the least antagonism was T. asperellum, reaching a PIRG of 24.35%
in the potato dextrose agar dishes with 450 mg L−1 of the Chlorothalonil fungicide, classi-
fied as grade IV mycoparasitism (Figure 4). This was followed by the T. harzianum strain
with the same concentration.

12



Horticulturae 2023, 9, 905

 

Figure 4. In vitro mycoparasitism of different species of Trichoderma against F. solani in PDA
medium with Chlorothalonil added at different concentrations. (A–D) Chlorothalonil at 450 mg L−1;
(E–H) Chlorothalonil at 900 mg L−1; (I–L) Chlorothalonil at 1350 mg L−1; (A,E,I) T. konigiopsis; (B,F,J)
T. asperellum; (C,G,K) T. hamatum; (D,H,L) T. harzianum.

The MA-FC120 strain of F. solani presented greater radial growth in the treatments with
450, 900, and 1350 mg L−1 of the fungicide Chlorothalonil (Table 4) in the PDA medium
in vitro. Likewise, less inhibition exerted by the four Trichoderma strains was observed,
classified as grade III and IV mycoparasitism on the scale established by Bell [30] (Figure 4).
Furthermore, a 70% decrease in the development rate of the four Trichoderma strains was
observed in comparison with the control group. The T. asperellum strain T-AS1 was the
most affected of the three concentrations evaluated.

Potential antagonism (PA), in terms of the fungicide and the Trichoderma species
evaluated in the present study, revealed a biologically important scenario. The strains
of T. asperellum and T. harzianum presented higher levels of PA than T. konigiopsis and T.
hamatum (Figure 5) with the fungicides Captan and Mancozeb at the three concentrations
evaluated. We might expect that the known intraspecific compatibility variability of
different Trichoderma species and phylogenetic affinities towards PA against F. solani would
not apply to all species tested. However, when we analyzed the data by species and
compatibility, we surprisingly found that the Chlorothalonil fungicide at concentrations of
450, 900, and 1350 mg L−1 presented a low PA in the PDA culture medium when added to
the four species of Trichoderma. For the most part, this was below 50%.
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Figure 5. Potential antagonism (PA) of Trichoderma species against F. solani at different concentrations
of fungicides.

In all cases, we observed that treatments with 450, 900, and 1350 mg L−1 of the fungi-
cide Chlorothalonil added to the strain of T. konigiopsis demonstrated the best antagonism
potential (58.94%). Statistically significant differences were observed with respect to the
other treatments (p = 0.001). T. hamatum in the treatments with 450, 900, and 1350 mg L−1

of the Chlorothalonil fungicide (Figure 5) showed the second-best PA at 49.19%. The
strain that showed the lowest PA was T. harzianum, reaching 27.36% in the treatment with
900 mg L−1 of the fungicide Chlorothalonil in the PDA medium in vitro.

Table 6 shows the summary of the multivariate ANOVA analysis for the quadratic
response surface model, which revealed highly significant statistical differences. The model
values of F = 64.55 (PIRG), 157.538 (Bell), and 204.495 (PA) implied a highly significant
model for compatibility (C) in vitro.

Table 6. Quadratic model of surface response for compatibility (C).

Origin
Dependent

Variable
Sum of Squares (Type III) gL Mean Square F Sig.

Corrected mode
X1 = PIRG 27,481.902 a 39 704.664 64.55 <0.001
X2 = Bell 64,000.000 b 39 1641.026 157.538 <0.001
X3 = PA 41,743.713 c 39 1070.352 204.495 <0.001

Intersection
X1 589,547.5 1 589,547.5 54,004.82 <0.001
X2 702,250 1 702,250 67,416 <0.001
X3 644,671.1 1 644,671.1 123,166.8 <0.001

Compatibility (C%)
X1 27,481.9 39 704.664 64.55 <0.001
X2 64,000 39 1641.026 157.538 <0.001
X3 41,743.71 39 1070.352 204.495 <0.001

Error
X1 1309.989 120 10.917
X2 1250 120 10.417
X3 628.095 120 5.234

Total
X1 618,339.4 160
X2 767,500 160
X3 687,043 160

Total corrected
X1 28,791.89 159
X2 65,250 159
X3 42,371.81 159

(a) R-squared = 0.960 (R-squared adjusted = 0.947); (b) R-squared = 0.989 (R-squared adjusted = 0.985);
(c) R-squared = 0.986 (R-squared adjusted = 0.981).
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The compatibility association analysis considering mycoparasitism, PIRG, and poten-
tial antagonism (PA) showed that T. asperellum presented high compatibility (100%) with
the fungicides Captan and Mancozeb added at concentrations of 450, 900, and 1350 mg L−1.
Compatibility was low–null (25–50%) with the fungicide Chlorothalonil. T. hamatum
showed high compatibility (100%) with the fungicide Captan at 450 and 900 mg L−1. Com-
patibility was medium (75%) with the fungicide Mancozeb in its three concentrations and
with Captan at 1350 mg L−1, and low (25%) with the fungicide Chlorothalonil in its three
concentrations (Figure 6).

Figure 6. Compatibility analysis of Trichoderma strains based on multivariate ANOVA analysis with
the data of mycoparasitism (Bell), percentage inhibition of radial growth (PIRG), and potential
antagonism (PA). The color intensity represents the degree of compatibility of Trichoderma strains
under the effects of three fungicides at different concentrations (450, 900, and 1350 mg L−1).

T. harzianum showed high compatibility (100%) with the fungicide Captan at 450,
900, and 1350 mg L−1; medium compatibility (75%) with the fungicide Mancozeb at 450,
900, and 1350 mg L−1, and low compatibility (50%) with the fungicide Chlorothalonil at
450 mg L−1. Compatibility was null (25%) at the 900 and 1350 mg L−1 concentrations
of Chlorothalonil (Figure 6). Finally, T. konigiopsis showed medium compatibility (75%)
with Captan fungicide in its three concentrations, as well as with Mancozeb fungicide in
all cases, and low compatibility (50%) with 450, 900, and 1350 mg L−1 of Chlorothalonil
fungicide (Figure 6).

4. Discussion

The genus Fusarium develops in the vascular tissues of plants, causing necrosis in the
xylem, which limits water transport and brings about wilting of the plant [33]. Chemical
pesticides are still commonly used in strawberry cultivation to suppress F. solani [34,35].
The scant research available limits the ability of strawberry growers to choose effective
products and increases the risk of generating strains resistant to the active principles used
in fungicides [36]; therefore, this study examined the compatibility between biological and
chemical control.

The rapid growth and development observed in the present study may explain the
competitive ability of the four Trichoderma species against the MA-FC120 strain of F. solani.
Morales et al. [37] found a lower growth rate for the TH-4 strain (1.86 ± 0.22 cm d−1)
and a higher development rate (1.67 ± 0.01 mm h−1) in comparison with the present
investigation. F. solani presented a slower growth rate (0.4718 ± 0.00063 mm h−1). The
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results obtained in the present investigation were consistent with a study carried out
by Miguel Ferrer et al. [38], where different species of Trichoderma had superior mycelial
growth compared with F. solani (4.71 cm d−1).

A reduction in growth rate in dual cultures is an indicator of the antagonistic capacity
of Trichoderma [39]. Suárez et al. [40] studied 12 isolates of T. harzianum confronted with F.
solani, and they obtained a PIRG of between 60 and 70% antagonism. This was similar to the
results obtained in the present investigation for the PDA culture medium without the addi-
tion of fungicides. This indicates that T. harzianum has a higher ingestion and metabolism
rate than F. solani, as well as different hydrolytic enzyme induction mechanisms that may
be involved in fungicide degradation processes [41]. In addition, T. harzianum can inhibit
the growth of F. oxysporum because it produces numerous antibiotics such as tricodermin,
suzukacillin, alamethicin, dermadin, penicillin, trichothecenes, and trichorzianins, among
others [42].

The integrated use of T. asperellum T8a and a low dose of Captan (0.1 g L−1) led to
greater in vitro growth inhibition of C. gloeosporioides ATCC MYA 454, a pathogenic strain
that causes anthracnose in mango [43]. Similarly, Ruocco et al. [44] explained that the
ability of Trichoderma to resist relatively high concentrations of a variety of synthetic and
natural toxic compounds depends on a complex system of membrane pumps through
which efficient cellular detoxification mechanisms are carried out. In this regard, Singh
and Varma [45] reported that the fungicide Mancozeb was the most effective in reducing
the mycelial growth of F. solani and was compatible with T. harzianum and T. viride at
concentrations of 0.05 and 0.1%.

In the present study, the fungicides Captan and Mancozeb demonstrated high compat-
ibility with the four strains of Trichoderma spp. and inhibited the growth of the pathogen.
González et al. [46] reported that the use of the C2A strain of T. reesei in combination
with Mancozeb at a concentration of 0.1 mg L−1 improved the mycoparasitic capacity
against F. oxysporum. This is in agreement with the results obtained in the present inves-
tigation, where the strain of T. asperellum was able to overgrow on Fusarium solani. Of
note, Huilgol et al. [47] observed the compatibility of T. harzianum with Mancozeb (71.80%).
Similarly, Maheshwary et al. [48] concluded that COC and Mancozeb at 500 ppm favor the
growth of T. asperellum. This could explain the greater potential antagonism with respect to
the control group in the present investigation.

There are reports of many factors causing the tolerance of Trichoderma strains to
pesticides, such as the change in function of oxidoreductase genes and ABC transporter
genes resulting in the tolerance of Trichoderma spp. to dichlorvos, Mancozeb, thiram,
tebuconazole, and carbendazim [49–51].

Finally, it was found that the four strains of Trichoderma spp. were incompatible with
the fungicide Chlorothalonil added at concentrations of 450, 900, and 1350 mg L−1. This was
similar to the results obtained by Elshahawy et al. [52]. Likewise, Gangopadhyay et al. [53]
reported that the fungicide Chlorothalonil is highly toxic for T. viride and T. harzianum,
as was also observed in the present investigation, demonstrating no compatibility with
T. harzianum. Chlorothalonil is a non-systemic organochlorine foliar fungicide that is
widely used throughout the world [54]. Specifically, it is a broad-spectrum polychlorinated
aromatic component that delays mycelial growth and inhibits spore germination. It acts
mainly on the respiration of fungal cells; that is, it affects the Krebs cycle by reducing ATP
synthesis, causing cell death [55]. For this reason, it may be incompatible with biological
control agents, as is the case for different species of Trichodermas used in the present
investigation.

5. Conclusions

The evaluation of different strains of Trichoderma showed a medium potential antago-
nism (PA) against the MA-FC120 strain of F. solani in a PDA medium without the addition
of fungicides; however, T. harzianum was associated with the highest inhibition in vitro.
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T. asperellum demonstrated the highest potential antagonism (PA) against F. solani in
the poisoned culture medium, with the fungicides Captan and Mancozeb at concentrations
of 450, 900, and 1350 mg L−1 showing greater compatibility. T. harzianum achieved the
second highest, demonstrating a high potential antagonism (PA) against F. solani in the
PDA medium with the fungicide Captan in the three concentrations evaluated. This was
followed by T. hamatum at concentrations of 450 and 900 mg L−1.

T. koningiopsis demonstrated a medium potential antagonism (PA), inhibiting the
growth of F. solani by between 60 and 75% in the PDA medium with the fungicides Captan
and Mancozeb at the three concentrations evaluated in this study.

The use of Trichoderma strains, together with the fungicide Chlorothalonil at 450, 900,
and 1350 mg L−1 in the PDA culture medium, showed an incompatible adverse effect on
potential antagonism (PA) given the less than 59% inhibition against F. solani.

F. solani demonstrated better development and adaptation than the Trichoderma strains
in the fungicide Chlorothalonil at concentrations of 450, 900, and 1350 mg L−1 in the PDA
medium in vitro.

6. Recommendations

The results obtained in the present investigation are important, and we believe that
they can be taken to the greenhouse and field for strawberry cultivation. It is recommended
to use T. asperellum in combination with the fungicides Captan and Mancozeb at a con-
centration of 450 mg L−1. In addition, T. harzianum and T. hamatum should be used in
combination with the fungicide Captan at a concentration of 450 mg L−1.

Finally, the use of the fungicide Chlorothalonil in combination with any strain of
Trichoderma is not recommended to control crown and root rot in strawberry cultivation.
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Abstract: Wood vinegar (WV) by-product of charcoal production is considered one of the most
promising alternatives to synthetic pesticide and fertilizer applications, especially for organic pro-
duction. Our goal in this study is to evaluate the efficacy of guava (Psidium guajava) WV to control
Colletotrichum coccodes, which causes black dot disease, and how it influences potato plant develop-
ment and yield. This study tested the efficacy of guava WV against the pathogen both in vitro and
under greenhouse conditions. Different guava WV concentrations were tested on pathogen growth
development, including 0, 0.25%, 0.50%, 1%, 2%, and 3% (v/v). Data revealed that the pathogen’s
mycelial growth was significantly inhibited at all the concentrations, and the highest inhibition (100%)
was obtained at 3% guava WV. In greenhouse trials conducted for two seasons (2021 and 2022), guava
WV applied as a foliar spray at the concentration of 2% and 3% considerably reduced the potato black
dot severity evaluated as stem colonization (average of 22.9% for 2021, average of 22.5% for 2022),
root covering with sclerotia (average of 21.7% for 2021, average of 18.3% for 2022) and wilted plants
percentage (average of 27.8% for 2021, average of 33.3% for 2022). Overall, guava WV also showed a
positive effect on plant growth by increasing plant height, stem diameter, and tuber yield per plant of
treated potato in both seasons. Gas chromatography-mass spectrometry (GC-MS) analyses revealed
the presence in guava WV of phenols, esters, organic acids, antioxidants, and alcohols. In conclusion,
guava WV could represent a viable alternative for potato black dot disease management and for plant
growth promotion.

Keywords: potato; Colletotrichum coccodes; guava wood vinegar components; GC-MS technique;
growth inhibition; antifungal activity; plant growth stimulation

1. Introduction

Black dot is one of the common potato (Solanum tuberosum L.) diseases caused by
Colletotrichum coccodes (Wallr.) S. Hughes [1]. C. coccodes can infect any part of a potato
plant, such as leaves, tubers, stolons, roots, and basal stems [1–6]. Early reports of the
disease in potatoes and tomatoes date back to the early 19th century and are described in
detail by Dickson [7]. In Egypt, the disease was first reported in Salhiya and Abo Swair
areas during the 2009–2010 seasons [8]. During storage, the pathogen causes a reduction in
tuber weight and quality [9].

Wood vinegar (WV), also known as pyroligneous acid, is a clear brown liquid formed
by the condensation of smoke from the charcoal-making process [10]. More than
200 chemical substances, including organic acids, phenols, acetic acid, dimethyl phenol,
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trimethyl phenol, esters, and nitrogen pyrimidines, are found in WV [11,12]. It is low-
cost [13], with a price that is only one-third that of synthetic fungicides. According to
Zulkarami et al. [14], WV contains a number of essential elements. These elements perform
important roles in plant life cycles and promote photosynthesis. Moreover, the acids,
phenol, and other organic compounds in WV have antifungal properties that inhibit the
growth of fungi at high concentrations [15].

WV has also been shown to improve soil physicochemical parameters [16] and micro-
biome, including plant-growth-promoting rhizobacteria [17]. Additionally, WV is able to
protect vegetable and horticultural crops from fungal diseases, especially root rots. Sugars,
carboxylic acids, hydroxy aldehydes, hydroxy ketones, and phenolic acids are among the
major groups of substances in oak, poplar, pine, pruning litter, and forest waste WV [11,18].
It is a low-cost, all-natural product that has no negative effects on living organisms or
the environment [19]. It has been demonstrated to suppress a number of soil-borne plant
pathogens [20]. The mycelial growth of Plasmopara viticola (Berk. and M.A.Curtis) Berl.
and De Toni, Verticillium dahliae (Klebahn), Phytophthora capsici (Leonian), and Fusarium
graminearum (Schwabe) have been slowed down by WV made from apricot trees [21]. WV
causes complete inhibition of the growth of Alternaria mali (Roberts), the causal agent of
apple Alternaria blight, when applied at a 1:32 dilution [22].

WV ester compounds can increase chlorophyll, photosynthesis, sugar, and amino
acids production and stimulate plants’ resistance to diseases and pests [23]. Cryptomeria
japonica (Linnaeus) WV demonstrated potent antifungal activity against Pythium splendens
(H.Braun), Phytopthora capsici, and Ralstonica solanacearum (Smith and Yabuuchi) [24]. In a
related study, Velmurugan et al. [25] showed that WV of bamboo significantly reduced the
growth of the Ophiostoma species that cause wood rot in forest trees. Several studies have
conclusively demonstrated that the phenolic compounds in WV are responsible for their
antifungal properties [26–28]. Additionally, WV increases the abiotic stress tolerance [29],
growth, production, and quality of a wide range of crops [30]. WV, when used as a
foliar application, increases yields in cucumber, lettuce, and cole, and jasmine rice [31,32].
The objectives of this study were to evaluate the efficacy of guava wood vinegar against
Colletotrichum coccodes which causes black dot disease and investigate its effect on potato
plant growth as well. Determine and identify the bioactive components that are most
prevalent in guava WV using the GC-MS technique.

2. Materials and Methods

2.1. Fungal Isolation and Identification

Colletotrichum coccodes virulent strain was recovered from diseased potato tubers with
a black dot collected from potato fields in the Nubaria region (El-Beheira Governorate,
Egypt; 30◦ 91125′′ N, 29◦ 97119′′ E). Small sections of the infected tubers were cut up and
surface treated for 1 min with 1% sodium hypochlorite (commercial bleach) before being
rinsed in sterile water and dried with sterile filter paper. The surface-sterilized samples
were then plated onto a PDA medium and incubated at 25 ◦C in the dark. The developed
colonies were then purified using the hyphal tip method and identified according to the
cultural features and morphological and microscopical characteristics stated by Sutton [33].
Pure cultures were sub-cultured on PDA slants and stored at 4 ◦C until use.

2.2. Pathogenicity Test
2.2.1. Plant Material

Cara cv. potato tubers were sterilized with sodium hypochlorite 1% for 2 min and
placed in the dark for 3 weeks at 18–25 ◦C for sprouting [34]. Tubers were cut into pieces
and left for 48 h before planting in vitro at room temperature to allow for partial wound
healing. One piece of potato tuber with three eyes of almost the same size was planted
in each plastic pot of 30 cm diameter (2.4 kg soil), filled with a sterilized mixture of clay
and sand soil (4:1 w/w). Sowing was done on 1st February in season 2020. The plants
were fertilized with NPK (Dotra Fert: 20/20/20) from the Egyptian Dotra Company at a
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concentration of 2 g/L water. The pots were kept under careful observation in greenhouse
conditions in natural light at the Agricultural Botany Dept., Agric., Al-Azhar University,
Assiut Branch, and were irrigated when it was needed.

2.2.2. Inoculum Preparation

Colletotrichum coccodes isolate was grown on a PDA medium in Petri dishes for 7 days
at 25 ◦C in the dark. Conidia were harvested from the agar surface with sterile distilled
water using a scraper, then filtered through several layers of sterilized cheesecloth. A
hemacytometer was used to adjust the conidia suspension to a final concentration of
2 × 106 conidia/mL [35].

2.2.3. Plants Inoculation

Six weeks after sowing, potato stems were inoculated with the pathogen. Using a
sterile scalpel, one wound was made into the base of the stem (above the soil’s surface).
An Agar disc (6 mm) containing the causal pathogen was placed in each wound. On the
wounds of the control plants, only agar discs without pathogens were applied. In addition,
each pot received 15 mL of the spore suspension (2 × 106 conidia/mL) by hand sprayer, as
El-Marzoky [8] explained; in case of the control plant, it was sprayed with 15 mL sterilized
distilled water. Three plants were used for each treatment as replicates, and the experiment
was repeated twice. After inoculation, all plants were transferred to a greenhouse. To
maintain a high humidity level, inoculated plants were covered with transparent plastic
bags for 24 h. The plants were then examined every day to check for symptoms. After three
days, every inoculated stem exhibited necrosis, but control stems exhibited no signs [36].

2.2.4. Disease Assessment

The disease severity of the black dot on roots was assessed visually using a 0–3 scale
based on the percentage of roots covered with sclerotia as follows: 0 = no sclerotia,
1 = 1–30%, 2 = 31–60%, and 3 = >60% [35]. Additionally, the percentage of wilted plants
to the total number of inoculated plants was calculated. The disease severity index (DSI)
on the aboveground stem was calculated by multiplying the colonization outcome (0 or
1) by the height aboveground from which the segment was removed. The stem segments
(1 cm) were cut off at 2, 6, 10, and 14 cm above ground level. The segments were cultured
on a PDA medium after being sterilized and incubated at 25 ◦C in the dark [36]. The
fungal colonization of stems was recorded as a binary outcome with 1 = colonized, and
0 = non-colonized. The disease severity index percentage (DSI%) was calculated according
to the following equation [37].

DSI (%) = 100 × [2 × (0 or 1) + 6 × (0 or 1) + 10 × (0 or 1) + 14 × (0 or 1)]/32

2.3. Antifungal Activity
2.3.1. Guava Wood Vinegar Production

WV is a secondary product produced when smoke from charcoal production is cooled
by outside air while passing through a chimney or flue pipe. The cooling effect causes
condensation of WV, particularly when the temperature of the smoke produced by car-
bonization ranges between 80 ◦C and 180 ◦C [10]. The guava WV used in this study was
derived from the charcoal production of guava trees wood (Psidium guajava) in Egypt’s
El-Kalyobia governorate. The obtained guava WV was stored at room temperature for
further studies.

2.3.2. Analysis of the Chemical Composition of Guava Wood Vinegar by GC–MS

A gas chromatography-mass spectrometry (GC-MS) system (GC Trace 1300 Thermo
Scientific) was used to analyze the components of guava WV at Assiut University’s Faculty
of Science Department of Chemical. A single quadruple mass spectrometer (ISQ 7000
Thermo Scientific) was used. The carrier (He, 99.999%) flow was 1 mL min−1, split 10:1,
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and injected volumes 2 μL. The column temperature was maintained initially at 110 ◦C
and held for 5 min at a rate of 10 ◦C/min, the temperature increased up to 200 ◦C and
held for 5 min, then the temperature increased up to 250 ◦C at a rate of 5 ◦C/min and held
for 5 min. The injector temperature was 250 ◦C, and this temperature was held constant
during the analysis. The electron impact energy was 70 eV, and the ion source temperature
was set at 250 ◦C. Electron impact (EI) mass scan (m/s) was recorded in the 40–650 amu
range [38]. These components were identified using the following parameters: retention
time (RT), molecular weight, molecular formula, and area %.

2.3.3. Plate Assays

The inhibition of C. coccodes mycelial radial growth by the guava WV was tested at
concentrations of 0.25%, 0.50%, 1.00%, 2.00%, and 3.00%. The guava WV was added directly
to the autoclaved (20 min at 121 ◦C) PDA medium cooled to 45 ◦C, poured into sterile Petri
dishes [39], and allowed to set. The center of each test plate was subsequently inoculated
with a 6 mm size plug of 15-day-old C. coccodes culture and incubated at 27 ◦C in the
dark. As a control, the fungus was cultivated on a PDA medium without guava WV. For
each treatment, three replications were performed, and the experiment was repeated twice.
When maximum growth was observed in the control plates, the colony’s radial growth was
measured, and the percentage of growth inhibition (R) was calculated using the formula.

R = [(C − B)/C] × 100

whereas: C = radial growth in control and B = radial growth in treatment.

2.3.4. Greenhouse Experiments

During the growing seasons of 2021 and 2022, greenhouse experiments were conducted
at the farm of the Faculty of Agriculture, Al-Azhar University, Assiut Branch, Assiut, Egypt,
to study the effect of guava WV on the disease. On 1st February in seasons 2021 and 2022,
one piece of potato tubers was planted in pots (30 cm in diameter). The seedlings were kept
in a greenhouse with regular irrigation and fertilization. The plants were inoculated with
the pathogen as described in the pathogenicity test, as previously stated. Following the
appearance of the first symptoms of disease, the plants were sprayed with guava WV at 2%
and 3% based on laboratory studies. Two sprays were applied to each treatment (10 days
between each one). As a control, the fungicide Amistar (Azoxystrobin 25%) from Syngenta
Company, Basel, Switzerland, was applied at a concentration of 0.50 cm3/L water. Three
plants were used for each treatment as replicates, and control plants were only sprayed
with distilled water. The plants were then examined every day to check for symptoms.
Plant height, stem diameter, and tuber yield of potato per pot were measured.

2.4. Statistical Analysis

The MSTAT-C software version 2.1 was used to conduct a data analysis of variance
(ANOVA) [40]. All experiments were carried out in three replicates, and data are presented
as mean ± standard deviation (SD). The treatment means were compared using the least
significant difference (LSD) (p < 0.05), according to Gomez and Gomez [41].

3. Results

3.1. Isolation and Identification of the Pathogen

Colletotrichum coccodes were obtained from tubers of infected potatoes with symptoms
of black dot disease (Figure 1A). Grown on PDA medium, C. coccodes formed a circular
colony at first white, then grey (Figure 1B) with age. Conidiomata (Figure 1C) produced
aseptate, hyaline, smooth-walled, and straight conidia (Figure 1D).
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Figure 1. Colletotrichum coccodes symptoms of black dot disease on naturally infected potato
tuber (A), 15-day-old colony (B), conidiomata (C), and conidia at 40× magnification (D) on Potato
Dextrose Agar medium.

3.2. Pathogenicity of C. coccodes Isolate on Potato Plants

The symptoms of the disease were observed on potato plants inoculated with the
pathogen. Every injected stem showed necrosis after three days, but control stems showed
no symptoms. The black dot disease symptoms on inoculated plants were recorded as
stem colonization (SC), root covering with sclerotia (RCS), and wilted plant percentages.
Koch’s hypotheses were confirmed when the causal pathogen was successfully isolated
from inoculated plants.

3.3. Chromatographic Analysis of Guava WV

Data in Figure 2 show that the chromatogram obtained shows the major peaks cor-
responding to the more abundant compounds present in the sample. The most abun-
dant compound (16.12%) was identified as 2,6-Dimethoxyphenol, which was associated
with peak 3, followed by guaiacol (12.82%) associated with peak 1 (Figure 2), and 1,2,4-
trimethoxybenzene (6.39%) associated with peak 4. Table 1 describes the overall chemical
composition, retention times of each compound, and percentages of each compound
present in guava WV. The presence of several bioactive compounds in guava WV, including
phenols, esters, alcohols, antioxidants, and organic acids (Table 1 and Figure 3). GC-MS
analyses revealed the presence in guava WV of phenols, esters, organic acids, antioxidants,
and alcohols.

Figure 2. GC-MS chromatogram analysis of guava wood vinegar.

24



Horticulturae 2023, 9, 710

Table 1. The main chemical constituents of the guava WV were analyzed by GC-MS.

Retention Time (min.) Compound Name Molecular Formula Molecular Weight Area %

6.44 2-Cyclopenten-1-one C5H6O 82 2.39
8.29 Butyrolactone C4H6O2 86 5.74
9.57 2-Cyclopenten-1-one, 3-methyl- C6H8O 96 2.12
9.86 Phenol C6H6O 94 4.32
10.31 1-Cyclopentylethanone C7H12O 112 2.03
11.05 Cyclotene C6H8O2 112 4.59
12.34 P-Cresol C7H8O 108 3.52
12.91 Guaiacol C7H8O2 124 12.82
16.75 2-Methoxy-5-methylphenol C8H10O2 138 3.13
17.28 Catechol C6H6O2 110 3.83
24.83 2,6-Dimethoxyphenol C8H10O3 154 16.12
28.84 1,2,4-Trimethoxybenzene C9H12O3 168 6.39
31.91 1,2,3-Trimethoxy-5-(methoxymethyl) benzene C10H14O3 182 5.58

43.31 9, 12, 15-Octadecatrienoic acid,
2-phenyl-1, 3-dioxan-5-yl ester C28H40O4 440 0.61

51.97 Ethyl iso-allocholate C26H44O5 436 0.04

Figure 3. The chemical structures of the major components of the guava WV.

3.4. Plate Assays

The data in Figures 4 and 5 demonstrate that guava WV treatment significantly
(p ≤ 0.05) reduced C. coccodes mycelial growth at all tested concentrations when compared
to the control. The percentage of mycelial growth inhibition increased along with increasing
concentration. The highest WV concentration (3%) showed a complete inhibition of the
pathogen’s growth (100%). Furthermore, the data revealed that there were significant dif-
ferences in the percentage of pathogen growth inhibition among the tested concentrations.

Figure 4. Effect of different guava WV concentrations on in vitro Colletotrichum coccodes radial growth
inhibition. Values are the mean of three replicates ± SD. In each column, data followed by the same
letter do not differ significantly as determined by the LSD test p = 0.05.
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Figure 5. Mycelial growth of Colletotrichum coccodes on Potato Dextrose Agar medium alone
(control) or amended with different guava wood vinegar concentrations.

3.5. Greenhouse Experiments

The application of guava WV as a foliar treatment on infected potato plants signifi-
cantly decreased the disease severity of black dot in all disease parameters, including stem
colonization, root covering with sclerotia, and wilt percent percentages (Table 2). Both
of the tested concentrations (2% and 3% v/v) had an effect on the disease in greenhouse
conditions, but the 3% concentration was more successful in suppressing the disease than
the 2% concentration. The fungicide Amistar recorded the best percent of disease inhibition
in both seasons of 2021 and 2022. The Amistar 25% treatment showed lower disease severity
index values compared to the inoculated and untreated control, indicating its effectiveness
in reducing disease severity. The treatment with a concentration of 3% guava WV recorded
the greatest reduction in disease severity of all disease parameters, i.e., stem colonization
(20.16% and 21.91%), root covering with sclerotia (20 and 23.33), and wilt (22.22% and
33.33%) in seasons 2021 and 2022, respectively. There are significant differences in the
effects of all the treatments on the disease, though there are no significant differences in
wilting percentage among treatments in the growing season 2022.

Table 2. Disease severity index (%) referred to stem colonization, root covered with sclerotia, and wilt
of potato plants inoculated with Colletotrichum coccodes and exposed to different treatments under
greenhouse conditions during the 2021 and 2022 growing seasons.

Treatments

Disease Severity Index (%)

Season 2021 Season 2022

SC% * RCS% ** Wilt% SC% RCS% Wilt%

guava WV 2% 25.63 ± 1.90 b 23.33 ± 10.00 b 33.33 ± 9.43 b 23.14 ± 1.62 b 26.67 ± 7.63 b 33.33 ± 33.34 b

guava WV 3% 20.16 ± 1.70 c 20.00 ± 5.77 c 22.22 ± 19.05 c 21.91 ± 1.80 c 23.33 ± 2.89 b 33.33 ± 33.34 b

Amistar 25% 15.33 ± 1.42 d 16.67 ± 2.89 d 11.11 ± 19.05 d 18.312 ± 1.51 d 13.33 ± 5.77 c 22.22 ± 19.24 c

Inoculate and
untreated control 60.41 ± 2.30 a 63.33 ± 5.77 a 55.56 ± 19.23 a 73.15 ± 2.10 a 73.33 ± 11.55 a 66.67 ± 19.24 a

LSD at 0.05 0.65 11.04 5.43 0.52 15.26 6.27

SC% * = Stem colonization%, RCS% ** = Root covering with sclerotia%. Values are the mean of three
replicates ± standard deviation (SD). In each column, data followed by the same letter do not differ signifi-
cantly as determined by the LSD test p = 0.05.

Overall, the results presented in this table suggest that the guava treatments, particu-
larly guava WV 2%, had a positive impact in reducing disease severity (SC, RCS, and Wilt)
in comparison to the uninoculated and untreated control.
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3.6. Effects of Guava Wood Vinegar on Plant Growth and Tuber Yield of Potato

The data presented in Table 3 show that foliar application of guava WV improved
plant growth parameters, such as plant height, stem diameter, and tuber yield per pot of
potato, in both seasons. Guava WV at 3% gave the highest values of plant height (38.67 and
38.00 cm), stem diameter (11.00 and 11.33 mm), and tuber yield (274.54 and 281.72 g) in
seasons 2021 and 2022, respectively (Figure 6). Furthermore, data also showed that using
guava WV increased potato tuber yield per pot when compared to untreated plants.

Table 3. Effect of different treatments on plant height, stem diameter, and tuber yield/pot of potato
plants cropped under greenhouse conditions during 2021 and 2022 growing seasons.

Treatments

Growing Season 2021 Growing Season 2022

Plant
Height (cm)

Stem
Diameter (mm)

Tuber
Yield/Pot (g)

Plant
Height (cm)

Stem
Diameter (mm)

Tuber
Yield/Pot (g)

Guava WV 2%; 32.00 ± 1.53 b 10.33 ± 1.53 a 243.52 ± 6.88 b 34.00 ± 1.00 ab 10.33 ± 2.08 b 248.55 ± 2.99 b

Guava WV 3%; 38.67 ± 3.06 a 11.00 ± 1.00 a 274.52 ± 5.45 a 38.00 ± 2.65 a 11.33 ± 1.15 a 281.72 ± 6.85 a

Amistar 25%; 30.33 ± 4.04 b 10.33 ± 0.58 a 208.67 ± 2.31 cd 31.67 ± 3.51 bc 10.00 ± 1.00 b 211.67 ± 2.89 cd

Inoculated and
untreated control; 21.67 ± 1.53 c 7.67 ± 1.16 b 195.16 ± 6.01 d 22.67 ± 2.08 d 7.33 ± 0.58 c 198.45 ± 8.06 d

Uninoculated and
untreated control; 27.00 ± 1.00 b 9.67 ± 1.16 a 215.29 ± 9.52 c 29.00 ± 1.73 c 9.33 ± 1.53 b 227.38 ± 4.93 c

LSD at 0.05 5.24 1.50 17.07 4.50 1.14 20.45

Values are the mean of three replicates ±standard deviation (SD). In each column, data followed by the same
letter do not differ significantly as determined by the LSD test p = 0.05.

Figure 6. Effect of the guava WV treatment on the vegetative growth of potato plants grown
in greenhouses.

The Amistar 25% treatment also showed positive effects on plant height, stem diameter,
and tuber yield, although it was generally outperformed by the guava WV 3% treatment.
Overall, the results of this table indicate that the guava WV 3% treatment had the most
significant positive impact on plant growth and tuber yield among the treatments evaluated
in both growing seasons.

4. Discussion

Charcoal production from wood under anaerobic conditions is a very good way to
preserve the environment, and at the same time, WV is the result of this process. WV is
rich in many phenolic compounds, organic acids, antioxidants [11], and some nutrients
necessary for plant growth, such as K, Ca, Fe, P, Zn, and Mo [14]. In this study, the
GC-MS analysis of guava WV revealed the presence of several bioactive compounds,
including phenols, esters, alcohols, antioxidants, and organic acids. The compound with
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the highest area percentage of the chromatogram (16.12%) was 2,6-Dimethoxyphenol,
followed by guaiacol (12.82%) and 1,2,4-trimethoxybenzene (6.39%). According to the
findings of this study, phenols were the most prevalent of the detected compounds in the
analysis of the guava WV sample. The findings of our study are fully consistent with those
of Li et al., [42] found that 2,6-dimethoxyphenol is the most potent antioxidant in WV.
Additionally, 3-methyl-1, 2-cyclopentanedione and 2-methoxyphenol have an important
impact on the antioxidant activity of WV. Numerous studies suggest that the phenolic
compounds in wood vinegar are what give it its antifungal properties [26–28]. In a related
study, Ikergami et al. [43] demonstrated that guaiacol, 4-ethyl, 2, methoxy phenol, 6-2,
dimethoxy phenol, and ethyl acetate are the most important phenolic compounds in
WV with antifungal properties. Yang et al. [44] found that the strongest antioxidant and
antibacterial activity of Litchi chinensis WV was due to its highly phenolic composition.

In laboratory tests, guava WV had the ability to inhibit growth and stop the develop-
ment of the pathogen on the PDA medium at the tested concentrations. It has been shown
to inhibit several fungal plant pathogens [20]. Higher concentrations of WV (2% and 3%)
effectively inhibited the growth of the pathogen in the medium. The most effective in-
hibitor, 3% guava WV, completely inhibited Colletotrichum coccoides growth on the medium
(100%). Our findings from this study are consistent with those of Qiaozhi et al. [21], who
noted that the apricot tree WV has inhibited the mycelial growth of Plasmopara viticola,
Verticillium dahliae, Phytophthora capsici, and Fusarium graminearum. Several studies have
found that WV can inhibit the growth of many microbes, including E. coli [45], Bacillus
subtilis [46], Staphylococcus aureus [47], and Listeria monocytogenes [48]. In a recent study,
both Pestalotiopsis and Curvularia species were suppressed in vitro by high concentrations
of WV [15]. Previous studies have reported that bamboo WV reduced the growth of the
causal agent of wood rot caused by Ophiostoma spp. in forest trees [25]. Furthermore,
Chukeatirote and Jenjai [49] revealed that the longan WV had antibacterial activity against
all bacterial strains tested. On the other hand, the WV only showed inhibitory activity
against the yeast Candida albicans (C.P. Robin) Berkhout. In a recent study, Desvita et al. [50]
showed that WV made from cocoa pod shells inhibited the diameter growth of Candida
albicans and Aspergillus niger. Oramahi et al. [51] discovered that WV from Vitex pubescens
Vahl could inhibit the growth of Fomitopsis palustris (Berk. and Curtis) Gilb and Ryvar-
den. According to Kadota and Niimi [27], the antifungal properties of WV depend on
its chemical composition and phenolic compound content. In this study, we believe that
the inhibitory effect of guava WV against the pathogen is due to the phenolic substances
present in it. The phenolic compounds present in WV are toxic to microbes when used in
high concentrations [52]. WV produced from cocoa pod shells inhibits the growth of C.
albicans and Aspergillus niger Tiegh. With increasing WV concentration, the diameter of the
zone inhibiting microbial growth grows [50]. These findings suggest that WV made from
cocoa pod shells has antimicrobial properties.

Applying guava, WV significantly decreased the disease severity of black dot in all
disease parameters, including stem colonization, root covering with sclerotia, and wilted
plant percentage. Both concentrations (2% and 3% v/v) had an effect on the disease in
greenhouse conditions, but the 3% concentration was more successful in suppressing the
disease than the 2% concentration when compared to untreated plants. The results of our
study are in agreement with those obtained by Chuaboon et al. [23], who demonstrated that
WV decreased the occurrence of the diseases brown spot and dirty panicles in rice under
greenhouse conditions compared to untreated controls. When applied at a 1:32 dilution,
WV completely inhibited Alternaria mali growth, the causal agent of apple Alternaria
blight [22]. Studies have revealed that WV is capable of effectively inhibiting Pythium
aphanidermatum, Penicillium griseofulvum, Rhizobium sp., Sclerotinia sclerotiorum, and Fusarium
graminearum [21,53]. According to Yuan et al. [54], the phenol content in WV is thought
to have antifungal properties that work by inhibiting fungi enzymes. Saberi et al. [55]
investigated the impact of WV on cucumber damping-off and found that P. aphanidermatum
and Phytophthora drechsleri Tucker mycelial growth significantly decreased. In comparison
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to untreated control plants, the severity of root and crown rot diseases in greenhouse-
cultivated cucumber was significantly decreased at the tested concentrations of WV [29].
The main ways that WV inhibits fungi from growing are by slowing down cell division,
rupturing cell membranes, leaking electrolytes, and preventing protein synthesis [56,57].

The foliar application of guava WV improved plant growth characteristics of potato
plants, such as plant height, stem diameter, and tuber yield per plant in both seasons (2021
and 2022). In general, the concentration of 3% was the most effective on all studied traits.
The results of this study are in agreement with those obtained by Chuaboon et al. [23],
who showed that WV treatment improved germination, seedling vigor, shoot height, root
length, and fresh weight in rice plants compared to untreated controls. WV increased yield
in cucumber, lettuce, and cole when used as a foliar fertilizer [31], and in jasmine rice [32].
Charcoal and WV improve the growth, branching, and survival rate of zinnia when used
as a mix in planting materials [27]. In addition to enhancing photosynthesis and increasing
chlorophyll, WV esters compounds that may help produce sugar and amino acids [23]. WV
has also been demonstrated to enhance the development, yield, and quality of a variety of
crops [30]. On the other hand, it can be used as a soil fertilizer in the proper concentration.
It has been reported that charcoal and smoke stimulate the soil microbial community [52].
A study on tomatoes found that WV increases various enzyme activities, auxin, gibberellin,
while also promoting plant growth and nitrogen uptake [58]. WV applications, according
to Wang et al. [59], may simultaneously activate several plant-growth-promoting mecha-
nisms: (1) an accumulation of proteins, adaptation to stress and carbohydrate metabolism;
(2) antioxidant enzyme accumulation; and (3) reduced reactive oxygen species (ROS) and
the presence of malonaldehydes in the root. At low concentrations, the phenolic compounds
in wood vinegar, particularly polyphenols and dihydric phenols, can also significantly
promote plant growth [60,61]. In a recent study, Fedeli et al. [62] showed that the applica-
tion of wood distillate at 0.2% significantly increased the content of soluble sugars, starch,
and total carbohydrates in treated potato tubers. Wood distillate (wood vinegar) is an
environmentally safe bio-based product stimulating plant growth and yield [63].

In conclusion, the present study, WV gave amazing results, whether in its effect on
the disease or on the growth of potato plants. WV is a potent organic agricultural product
that is eco-friendly and also stops the spread of fungal infection in plants. Therefore, it is
natural content and reasonable price make it a good alternative to pesticides and chemical
fertilizers. In future investigations may shed more light on the possibility of separating
some components of guava WV and evaluating their effectiveness in controlling some
plant diseases. Overall, the use of WV provides a promising approach to control the
black dot disease of potato plants, contributing to the development of sustainable and
environmentally friendly agricultural practices.
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Abstract: Natural products obtained from plants constitute an alternative to chemically synthesized
fungicides, whose improper use might have caused the development of resistant fungal strains. In the
present work, 40 products obtained from 20 native Argentinean plant species were tested against three
citrus postharvest pathogens: Penicillium digitatum, Penicillium italicum, and Geotrichum citri-aurantii.
Natural products were obtained by classical solvent extraction methods and the fungicidal evaluation
was carried out by agar diffusion tests using commercial fungicides as negative controls and dimethyl
sulfoxide as a positive one. The inhibition percentages were determined 7 and 14 days post inoculation
of each fungus. Most of the products tested showed inhibition percentages higher than 50% for G.
citri-aurantii, but only 20% of them were active against P. digitatum and P. italicum. The most promising
products which inhibited (100%) the growth of at least one of the three phytopathogens were extracted
from the following plants: Orthosia virgata, Petiveria alliacea, Funastrum clausum, Solanum caavurana,
and Solanum pilcomayense. These products were tested over inoculated oranges and there were no
statistically significant differences between the treatments with a commercial fungicide and the
methanolic extract in the control of fruit rot. The products extracted from native plants have fungicide
potential, but further studies are required.

Keywords: natural products; post harvest; citrus diseases

1. Introduction

Fruits of Citrus spp. (Rutaceae) are cultivated in more than one hundred countries
and their fruits are widely consumed throughout the world. Postharvest handling tries to
achieve the highest quality fruits, increasing their postharvest life and reducing production
losses, thus obtaining commercially suitable fruits [1]. According to the latest estimates
by Federcitrus (2022), Argentina produces 1,038,168 tons of oranges; 77,000 of them are
destined for the export market [2]. Postharvest losses produced by phytopathogenic origin
(approximately 30% of the production) are considered of economic importance. Green
and blue molds, caused by Penicillium digitatum (Pers.: Fr.) Sacc. and Penicillium italicum
Wehmer, respectively (order Eurotiales, Aspergillaceae family), and sour rot caused by
Geotrichum citri-aurantii Ferraris (order Saccharomycetales, Dipodascaceae family), are the
most economically important postharvest diseases as they affect not only the quantity but
also the quality of citrus fruits which, once infected, must be discarded from the production
lot [1–5]. Penicillium digitatum and P. italicum cause citrus diseases by invading wounds in
the fruit rind. Wounds occur during the harvest and subsequent handling of fruit in the
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packinghouse or during commercialization, but some infections can occur before harvest
through injuries, cracks, or wounds made by insects in the field. In this case, the fruit
infected long before harvest usually drops from the tree, but fruit infected three days before
harvest cannot be detected and may be harvested, becoming a source of contamination [2].
A circular area surrounding the infection site (rind wound) appears water-soaked, soft, and
decolorized. In the meantime, the fungus grows, and an aerial white mycelium develops
in the center of the lesion and expands radially. In the case of green mold, after 7–8 days
the central area of the lesion becomes olive green colored and surrounded by a broad band
of dense and non-sporulating white mycelium. In contrast, blue mold presents a central
sporulating area, blue or bluish green colored [1].

Geotrichum citri-aurantii causes sour rot; this fungus lives in dead plant tissue or orchard
soils and it may cause diseases in fruits. Symptoms include maceration and disintegration
of the fruit cuticle and pulp. Once the fruits rot, they generate a strong fermented and
rancid smell. If high humidity conditions are present, a very thin white mycelium appears
on the fruits, rapidly disappearing [3,4].

These three postharvest diseases have been controlled worldwide for many years
solely by the application of conventional fungicides after harvest such as (1) Imazalil
(IMZ) [(RS)-1-(β-allyloxy-2,4-dichlorophenethyl) imidazole], which constitutes the most
common fungicide employed postharvest by the citrus industry; (2) Thiabendazole (TBZ)
[2-(1,3-thiazol-4-yl) benzimidazole], which belongs to the benzimidazole group of fungi-
cides and has been used for the control of citrus molds; (3) Sodium ortho-phenylphenate
(SOPP) [sodium (1,1′-biphenyl)-2-olate], which is currently used in combinate fungicide
formulations; (4) Guazatine and propiconazole, which have been used in Europe, South
Africa, and Australia for the control of G. citri-aurantii; and finally, pyrimethanil (PYR) (4,6-
dimethyl-N-phenyl-2-pyrimidinamine], fludioxonil (FLU) [4-(2,2-difluoro-1,3-benzodioxol-
4-yl)-1H-pyrrole-3-carbonitrile, azoxystrobin (AZX) [methyl-(2E)-2-{2-[6-(2-cyanophenoxy)
pyrimidin-4-yloxy] phenyl}-3-methoxyacrylate], and Trifloxystrobin (TFX) (methyl-(E)-
methoxyimino-{(E)-α-[1-(α,α,α-trifluoro-m-tolyl) ethylideneaminoxy]-o-tolyl}acetate) are
classified as “reduced-risk” fungicides [1,5]. IMZ and TBZ are used alone, in mixtures, or
separately applied in sequence. These have constituted the most widely used treatments for
more than 25 years, which has contributed to the proliferation of resistant fungal strains [6].
Consequently, the excessive or inadequate use of these fungicides represents a risk to hu-
man and animal health, due to food contamination and the accumulation of toxic residues
in the environment. Due to marketing globalization and climate change, the problem is
growing at an accelerated pace [7,8].

In this context, there are some new alternatives for the control of diseases that occur
in citrus postharvest, such as biological control, natural products obtained from different
sources, and thermotherapy [9]. Biological control is based on the utilization of antagonistic
microorganisms to reduce/keep the population of some phytopathogens below the levels
that cause economic losses [10]. Another alternative is the use of natural products obtained
from plant extracts or essential oils, which have revealed non-toxic action and biodegrad-
ability but are potent antibiotics against phytopathogens [8,11,12]. Finally, through cycles
of considerable temperature changes on fruits, fungal infections can be reduced [9].

Plants provide unlimited opportunities for evaluating and isolating new antifungal
compounds because of their vast chemical diversity; in fact, numerous antifungal com-
pounds currently used against human pathogens have been isolated from them [13,14].

The aim of this study consisted of the discovery of new botanical products obtained
from native Argentinean species with potential fungicide properties. For this, we selected
20 native plants from the central zone of Argentina which were evaluated for their fungicide
properties against morphologically and molecularly characterized strains of P. italicum,
P. digitatum, and G. citri-aurantii (isolated from citrus that presented the correspondent
disease symptoms), by using a high-throughput and simple bioassay. Data were collected 7
and 14 days after fungal inoculation and each sample was classified according to its fungal
growth inhibition percentage. Statistical analyses were performed based on the part of each
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plant used and the type of extract in which the most active compounds might be present.
The methanolic extract obtained from S. pilcomayense was evaluated over postharvest
oranges artificially inoculated with P. digitatum. Finally, a discussion on the most active
species, their ethnopharmacological uses, and phytochemistry, was accomplished.

2. Materials and Methods

2.1. Plant Material

The plants were collected from farms and at the side of roads in areas surrounding
the Litoral region of Argentina, between the years 2019 and 2020. Each plant sample was
identified, and a Voucher Specimen was deposited in the Herbarium of the FCA-UNL “Arturo
Ragonese” (Herbario SF), Kreder 2805-(3080HOF)-Esperanza, Argentina (Table 1). After
harvesting, the plants were dried in a suitable environment (a dark room with low relative
humidity), while their different parts (leaves, flowers, fruits, or the whole plant) were
separated according to the type of extract that had to be prepared. Three species (Orthosia
virgata, Solanum argentinum, and Solanum pilcomayense) were collected in different zones
to detect differences in their bioactivities which may be associated with phytochemical
changes determined by the environment.

Table 1. Plant species used for extracts preparation to be tested against the orange pathogens
Penicillium digitatum, P. italicum, and Geotrichum citri-aurantii. Botanic family, Voucher specimen,
collection data, and place of collection or acquisition are also reported.

Family Plant Scientific Name V. specimen Collection Data and Place of
Acquisition

Apocynaceae

Araujia brachystephana (Griseb.)
Fontella & Goyder Pensiero et Zabala 13800 13/08/2019, San Javier, Santa Fe,

30◦03′23.2′′ S 59◦51′34.8′′ W

Forsteronia glabrescens Müll. Arg. Pensiero et Zabala 13804 13/08/2019, Gral. Obligado, Santa Fe,
28◦42′54.8′′ S 59◦23′13.7′′ W

Orthosia virgata (Poir.) E. Fourn. Pensiero et Zabala 13802 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W

Orthosia virgata (Poir.) E. Fourn. Pensiero et Zabala 13805 13/08/2019, Gral. Obligado, Santa Fe,
28◦42′54.8′′ S 59◦23′13.7′′ W

Funastrum clausum (Jacq.) Schltr. Pensiero et Zabala 13797 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W

Bromeliaceae Tillandsia tricholepis Baker Pensiero et Zabala 13798 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W

Fabaceae

Albizia inundata (Mart.)
Barneby & J.W. Grimes Pensiero et Zabala 13816 14/08/2019, Gral. Obligado, Santa Fe,

28◦12′53.9′′ S 59◦08′58.3′′ W
Vachellia caven (Molina) Seigler & Ebinger Derita M. 39 17/03/2019, Las Colonias, Santa Fe,

31◦26′30.3′′ S 60◦56′24.7′′ W

Phytolaccaceae Petiveria alliacea L. Pensiero et Zabala 13975 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W

Polygonaceae
Polygonum stelligerum Cham. Derita M. 55 16/03/2019, San Pedro, Bs As,

33◦40′11.6′′ S 59◦39′38.4′′ W
Polygonum lapathifolium L. Derita M. 54 16/03/2019, San Pedro, Bs As,

33◦40′11.6′′ S 59◦39′38.4′′ W

Ranunculaceae Clematis montevidensis Spreng. Pensiero et Zabala 13824 17/08/2019, Vera, Santa Fe, 29◦28′17.6′′ S
60◦05′27.7′′ W

Nictaginaceae Pisonia zapallo Griseb Pensiero et Zabala 13808 13/08/2019, Gral. Obligado, Santa Fe,
28◦42′54.8′′ S 59◦23′13.7′′ W

Solanaceae

Solanum argentinum Bitter & Lillo Pensiero et Zabala 13820 16/08/2019, Tapenagá, Chaco,
27◦53′17.9′′ S 59◦51′39.4′′ W

Solanum argentinum Bitter & Lillo Pensiero et Zabala 13817 16/08/2019, Lib. San Martín, Chaco,
26◦07′13.9′′ S 59◦56′25.1′′ W

Solanum granulosum-leprosum Dunal Pensiero et Zabala 13806 13/08/2019, Gral. Obligado, Santa Fe,
28◦42′54.8′′ S 59◦23′13.7′′ W

Solanum pilcomayense Morong Pensiero et Zabala 13815 14/08/2019, Gral. Obligado, Santa Fe,
28◦13′42.2′′ S 59◦06′52.6′′ W

Solanum pilcomayense Morong Pensiero et Zabala 13801 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W

Solanum caavurana Vell. Pensiero et Zabala 13813 14/08/2019, Gral. Obligado, Santa Fe,
28◦13′42.2′′ S 59◦06′52.6′′ W

Verbenaceae Lantana megapotamica (Spreng.) Tronc. Pensiero et Zabala 13796 13/08/2019, San Javier, Santa Fe,
30◦03′23.2′′ S 59◦51′34.8′′ W
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2.2. Extraction Process

For the preparation of the extracts, air-dried aerial parts of each species (100 g) were
pulverized and successively macerated with 250 mL of dichloromethane (DCM) and 250 mL
of methanol (MeOH) under mechanical stirring (3 × 24 h each) to obtain the corresponding
extracts after filtration and evaporation. These solvents were selected based on their
differential extraction capability of less polar metabolites (DCM) and more polar metabolites
(MeOH). In this way, most of the compounds present in the plant species under study
were extracted.

2.3. Fungal Strains

Monosporic strains of Geotrichum and Penicillium spp. called NA1, NA2, and NA3
were obtained from orange fruits that presented typical symptoms of sour rot, green mold
rot, and blue mold rot, and cultivated in Potato-Dextrose-Agar medium (PDA) [15–18].
The strains were morphologically characterized and conserved in the Mycology Reference
Center (CEREMIC-UNR, Rosario, Argentina) under the codes CCC-5-2019 (NA1), CCC-102
(NA2), and CCC-101 (NA3). Isolates were also conserved at −20 ◦C on dried filter paper in
the mycological collection of ICiAgro Litoral, UNL, CONICET, FCA, Argentina.

2.4. Molecular Characterization

The identity of the isolates was confirmed through molecular characterization. For that,
fungal genomic DNA was extracted from 7-day-old cultures grown on PDA at 20–25 ◦C
as described in Gupta et al. [15] and was used as the template for PCR amplification of a
segment of the ITS (Internal Transcribed Spacer) region of ribosomal nuclear DNA (rDNA)
using the primers ITS4 (TCCTCCGCTTATTGATATGC) and ITS5 (GGAAGTAAAAGTCG-
TAACAAGG) [16]. PCR reactions were performed on a Techne TC-312 thermal cycler
(Techne, Cambridge, UK) in 20 μL reaction mixtures containing 1× PCR buffer, 2.5 mM
MgCl2, 0.4 μM each primer, 0.2 mM dNTPs, 1 U of Taq DNA polymerase (PB-L, Productos
Bio-Lógicos®, Rosario, Argentina), and 100 ng of genomic DNA. Amplifications were pro-
grammed to carry out an initial denaturation at 94 ◦C for 5 min, followed by 36 cycles, each
consisting of a denaturation step at 94 ◦C for 30 s, an annealing step, and an extension step
at 57 ◦C for 30 s and at 72 ◦C for 30 s. The final extension was carried out at 72 ◦C for 7 min.
PCR products were visualized under ultraviolet light on 1.5% (w/v) agarose gel in 1× TAE
buffer stained with GelRed (Biotium Inc., Fremont, CA, USA). A UST-30M-8E, Biostep
transilluminator (Biostep, Jahnsdorf, Germany) was used. The amplified products were
purified and sequenced with the same primers in Macrogen (Seoul, Republic of Korea).
The identification was performed by comparing the sequences with all fungal sequences
of the GenBank Nucleotide Database hosted by the National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov/ accessed on 15 December 2022) using
BLASTn (Nucleotide Basic Local Alignment Search Tool) [17]. All the sequences generated
in this study were deposited in GenBank.

The inoculum for bioassays was obtained according to the Clinical & Laboratory
Standards Institute reported procedures and adjusted to 1 × 104 Colony Forming Units
(CFU) mL−1 [18].

2.5. In Vitro Susceptibility Test

Diffusion tests were carried out using 9 cm diameter sterile Petri dishes provided with
four divisions so that each sample was tested in quadruplicate. Plant extract solutions
were prepared at a concentration of 50 mg mL−1 in DMSO and once dissolved, 400 μL of
this stock solution was diluted in 20 mL of molten PDA culture medium. After vigorous
shaking and before the mixture was solidified, 5 mL was poured into each of the four
compartments of the Petri dishes and cooled down. A conidia concentration between 104

and 105 CFU mL−1 was inoculated inside a well located in the center of each compartment
once the medium containing 1000 ppm of each plant extract was solidified, according to our
previous methodology developed and published [7,13]. A negative control was prepared
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using the commercial fungicide Imazalil® and the solvent DMSO without plant extract
served as a positive (growth) control. Once the mycelium of the control plates completely
covered the surface of the medium (approximately 7 days), the mycelium diameter of each
plant-treated plate was carried out by scanning the plates with ImageJ® software [19]. The
average inhibition percentages with their standard deviations were determined at 7 and
14 days after inoculation.

2.6. Fungicidal Assays on Wounded Oranges Using S. pilcomayense Methanolic Extract

Oranges (cv. “Salustiana”) were harvested from the Experimental Field of Intensive
and Forestry Crops (Facultad de Ciencias Agrarias, Universidad Nacional del Litoral) at the
mature stage and sorted based on size and absence of physical injuries or disease infection.
They were artificially inoculated with P. digitatum following the methodology described
by Di Liberto et al. [20]. Three groups of 10 oranges were used: (1) control with sterile
water, (2) treatment with 3000 ppm aqueous solution of S. pilcomayense methanolic extract,
and (3) treatment with 3000 ppm aqueous solution of Imazalil®. The treatments were
carried out after 2 h of inoculation, by 5 s immersion of each fruit into a beaker with the
corresponding solutions mentioned above. For the in vivo test, the 3000 ppm concentration
of the extract was chosen because we did not have a good response when we treated the
fruits with a 1000 ppm concentration. So, we decided to hardly increase the fungicidal
concentration resulting from the in vitro assays.

The fruits were stored at 25 ◦C and 85% RH for 14 days. After storage, the degree of
P. digitatum sporulation on the surface of decayed fruits was evaluated on a 0 to 4 scale
(sporulation index). With this scale, the severity of the disease was visually quantified
assuming the following values: 0 (negligible sporulation); 1 (fruit with lesions on up to
10% of its surface); 2 (fruit with injuries on between 10 and 30% of its surface); 3 (fruit with
lesions on between 30 and 50% of its surface); and 4 (refers to dense fungal sporulation
over the entire fruit that infected more than 50% of its surface) [20]. The sporulation
index for each fruit was treated as a replicate, and each treatment mean was subjected to
statistical analysis.

2.7. Statistical Analysis

For the in vitro test, the differences in the mean percentage of fungal growth in the
presence of each extract were compared with positive and negative controls by statistical
analysis with a 95% Confidence Interval (CI) according to our published results [13].

For the in vivo test, experimental data were analyzed statistically by one-way ANOVA
followed by Tukey’s multiple comparison tests (α = 0.05) using the GraphPad Prism 7.0
software and according to Di Liberto et al. [20].

3. Results

3.1. Plant Extract Yields

The part of each plant used and the corresponding DCM and MeOH extract yields
(g/100 g of dried plant material) are provided in Table 2. For the cases of duplicated species
under study, O. virgata showed similar crude extract percentages (2.4 and 2.3 for DCM
extracts; 4.1 and 5.0 for MeOH extracts), but S. argentinum and S. pilcomayense presented
differences in DCM yields and both (DCM and MeOH) yields, respectively.
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Table 2. Part of each plant used and the corresponding DCM and MeOH extract yields (g/100 g of
dried plant material).

Plant Scientific Name Part Used
DCM Extract

Yield (%)
MeOH Extract

Yield (%)

A. brachystephana Aerial parts 2.4 10.7
F. glabrescens Aerial parts 1.9 7.3
O. virgata Aerial parts 2.4 4.1
O. virgata Aerial parts 2.3 5.0
F. clausum Aerial parts 3.7 7.2
T. tricholepis Whole plant 3.4 4.4
A. inundata Aerial parts 1.1 3.4
V. caven Flowers 1.3 7.3
P. alliacea Aerial parts 0.4 3.0
P. stelligerum Leaves 0.7 2.8
P. lapathifolium Leaves 0.6 3.0
C. montevidensis Aerial parts 1.0 10.2
P. zapallo Aerial parts 1.3 7.7
S. argentinum Aerial parts 0.7 7.0
S. argentinum Aerial parts 3.5 7.7
S. granulosum-leprosum Aerial parts 3.2 5.0
S. pilcomayense Aerial parts 1.3 7.6
S. pilcomayense Aerial parts 0.5 3.2
S. caavurana Aerial parts 1.4 10.3
L. megapotamica Aerial parts 0.4 4.5

3.2. Fungicidal Evaluation of the Selected Plant Extracts against P. digitatum, P. italicum,
and G. citri-aurantii

Fungal isolates NA1, NA2, and NA3 were morphologically identified by CEREMIC-
UNR as G. citri-aurantii (CCC-5-2019), P. digitatum (CCC-102), and P. italicum (CCC-101),
respectively. Figure 1 shows the typical symptoms and signs caused by each fungus on
oranges, the morphological characteristics of the colonies developed after isolation, and
the microscopic features of their conidia. Typical green, blue, and white sporulation were
observed above the rots and in the plates.

To confirm morphological identification, DNA was extracted from the three fungal
isolates, and the ITS region was amplified and sequenced. BLASTn searches revealed that
the fungal isolate sequences NA1, NA2, and NA3 presented 99.4%, 100%, and 100% of iden-
tity with previously characterized strains of G. citri-aurantii (EU131181, [21]), P. digitatum
(MT448740, [22]), and P. italicum (MK736929, [23]), respectively. The nucleotide sequences
were deposited in GenBank (accession numbers OQ132875, OQ132876, and OQ132877 for
NA1, NA2, and NA3 isolates, respectively).

Table 3 shows the fungicidal activities (percentages of inhibition in quadruplicate
using the agar diffusion test) of 40 extracts obtained from different parts of 20 plant species
evaluated against the orange phytopathogens P. digitatum, P. italicum, and G. citri-aurantii
determined 7 days post inoculation. Table 4 shows the fungicidal activities of the plant
extracts under study, but now determined 14 days post inoculation.

From Tables 3 and 4, many comments should be highlighted: Among all the DCM
extracts obtained from the 20 species evaluated against P. digitatum, none of them presented
100% of inhibition, but the most active ones after 7 days of incubation were obtained
from T. tricholepis, A. inundata, and P. stelligerum (80.0, 79.3, and 75.2% of fungal growth
inhibition). These percentages decreased after 14 days of incubation to 76.8, 67.2%, and
50.2%, respectively. Penicillium italicum inhibition by DCM extracts was lower than for
P. digitatum since no extract of this type exceeded 70% growth inhibition at 7 days post
inoculation. In contrast, many DCM extracts showed high inhibition against G. citri-aurantii
(O. virgata, T. tricholepis, A. inundata, P. lapathifolium, and some species of Solanum diminished
the fungal growth by more than 70%) and remarkably, F. clausum and P. alliacea completely
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interrupted the growth of G. citri-aurantii even 14 days after inoculation, representing
potent fungicide products.

Figure 1. (a) Symptoms and signs caused by Geotrichum citri aurantii, Penicillium digitatum, and
Penicillium italicum in orange; (b) morphological characteristics of morphologically and molecularly
characterized colonies isolates on PDA media; (c) typical microscopic conidia features observed
at magnification 40×; (d) tested plates with 0% inhibition; (e) tested plates with 50% inhibition;
(f) tested plates with 80% inhibition; and (g) tested pates with 100% inhibition. Note: in some cases,
the coloration of the medium may be due to the plant extract dissolved in it.
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Table 3. Fungicidal activity % of inhibition (calculated as the average of the inhibition percentage
of the four sectors in which the Petri dish was divided) of 40 extracts obtained from different parts
of 20 plant species evaluated against the orange phytopathogens Penicillium digitatum, P. italicum,
and Geotrichum citri-aurantii determined 7 days post inoculation. Different letters mean significant
statistical differences.

Plant Scientific Name
P. digitatum P. italicum G. citri-aurantii Controls

DCM MeOH DCM MeOH DCM MeOH +(DMSO) −(IMZ)

A. brachystephana 61.0 ± 5.2 c 44.3 ± 6.2 a 30.9 ± 6.5 a 30.5 ± 5.3 a 65.4 ± 5.0 c 66.6 ± 1.8 c 0.0 ± 0.0 a 100.0 ± 0.0 b

F. glabrescens 52.9 ± 7.1 c 75.1 ± 1.5 c 45.8 ± 6.9 a 54.1 ± 5.4 c 71.0 ± 0.4 c 70.1 ± 2.8 c 0.0 ± 0.0 a 100.0 ± 0.0 b

O. virgata 55.3 ± 2.9 c 50.9 ± 5.9 c 33.2 ± 6.5 a 48.4 ± 6.5 a 88.0 ± 4.9 b 50.8 ± 1.9 c 0.0 ± 0.0 a 100.0 ± 0.0 b

O. virgata 70.6 ± 2.0 c 86.3 ± 3.8 b 31.6 ± 4.9 a 48.5 ± 4.7 a 99.2 ± 0.7 b 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

F. clausum 62.4 ± 3.8 c 81.5 ± 1.5 b 40.8 ± 4.4 a 43.1 ± 6.9 a 100.0 ± 0.0 b 33.0 ± 5.2 a 0.0 ± 0.0 a 100.0 ± 0.0 b

T. tricholepis 80.0 ± 2.2 b c 85.9 ± 0.7 b 60.8 ± 7.0 c 67.1 ± 3.6 c 87.8 ± 1.5 b 54.9 ± 1.0 c 0.0 ± 0.0 a 100.0 ± 0.0 b

A. inundata 79.3 ± 2.1 b c 100.0 ± 0.0 b 35.7 ± 5.2 a 100.0 ± 0.0 b 79.3 ± 7.0 b c 97.3 ± 0.5 b 0.0 ± 0.0 a 100.0 ± 0.0 b

V. caven 59.5 ± 4.0 c 76.8 ± 3.5 c 36.2 ± 3.8 a 58.1 ± 6.5 c 56.5 ± 5.1 c 32.3 ± 4.2 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. alliacea 72.5 ± 1.7 c 83.3 ± 3.8 b 53.2 ± 2.8 c 81.3 ± 2.2 b 100.0 ± 0.0 b 62.9 ± 3.9 c 0.0 ± 0.0 a 100.0 ± 0.0 b

P. stelligerum 75.2 ± 2.3 c 80.1 ± 2.8 b 32.8 ± 6.5 a 57.0 ± 5.3 c 76.0 ± 2.1 c 38.4 ± 4.1 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. lapathifolium 64.2 ± 6.4 c 80.7 ± 0.9 b c 33.0 ± 3.2 a 43.8 ± 5.2 a 82.1 ± 3.5 b 40.2 ± 3.9 a 0.0 ± 0.0 a 100.0 ± 0.0 b

C. montevidensis 49.4 ± 5.2 a 56.4 ± 5.1 c 24.6 ± 3.2 a 45.8 ± 2.7 a 65.5 ± 2.8 c 52.7 ± 4.6 c 0.0 ± 0.0 a 100.0 ± 0.0 b

P. zapallo 73.2 ± 4.0 c 81.7 ± 2.2 b 37.5 ± 4.7 a 51.8 ± 4.7 c 90.6 ± 7.9 b 70.0 ± 4.2 c 0.0 ± 0.0 a 100.0 ± 0.0 b

S. argentinum 45.2 ± 6.3 a 62.3 ± 5.3 c 29.0 ± 3.3 a 62.7 ± 5.1 c 63.8 ± 0.9 c 73.3 ± 1.9 c 0.0 ± 0.0 a 100.0 ± 0.0 b

S. argentinum 73.3 ± 4.0 c 70.0 ± 5.6 c 27.9 ± 4.0 a 51.6 ± 4.8 c 75.0 ± 6.8 c 48.6 ± 4.9 a 0.0 ± 0.0 a 100.0 ± 0.0 b

S. granulosum-leprosum 54.7 ± 6.0 c 49.5 ± 4.5 a 44.6 ± 4.7 a 40.0 ± 4.3 a 41.3 ± 5.4 a 61.5 ± 5.1 c 0.0 ± 0.0 a 100.0 ± 0.0 b

S. pilcomayense 44.5 ± 4.9 a 100.0 ± 0.0 b 15.3 ± 3.4 a 100.0 ± 0.0 b 74.4 ± 2.4 c 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

S. pilcomayense 46.4 ± 4.7 a 100.0 ± 0.0 b 41.9 ± 5.3 a 100.0 ± 0.0 b 71.0 ± 1.9 c 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

S. caavurana 60.0 ± 5.6 c 94.6 ± 1.5 b 35.5 ± 3.5 a 87.8 ± 1.3 b 79.8 ± 4.5 c 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

L. megapotamica 75.0 ± 2.2 c 56.3 ± 4.4 c 34.9 ± 4.8 a 41.6 ± 3.4 a 70.3 ± 1.2 c 62.9 ± 5.1 c 0.0 ± 0.0 a 100.0 ± 0.0 b

Table 4. Fungicidal activity % of inhibition (calculated as the average of the inhibition percentage
of the four sectors in which the Petri dish was divided) of 40 extracts obtained from different parts
of 20 plant species evaluated against the orange phytopathogens Penicillium digitatum, P. italicum,
and Geotrichum citri-aurantii determined 14 days post inoculation. Different letters mean significant
statistical differences.

Plant Scientific Name
P. digitatum P. italicum G. citri-aurantii Controls

DCM MeOH DCM MeOH DCM MeOH +(DMSO) −(IMZ)

A. brachystephana 40.8 ± 2.5 a 18.4 ± 3.4 a 0.0 ± 0.0 a 7.2 ± 2.3 a 13.7 ± 3.2 a 39.5 ± 4.3 a 0.0 ± 0.0 a 100.0 ± 0.0 b

F. glabrescens 38.0 ± 3.8 a 38.8 ± 4.3 a 30.6 ± 4.6 a 10.3 ± 2.1 a 26.1 ± 3.7 a 37.2 ± 4.9 a 0.0 ± 0.0 a 100.0 ± 0.0 b

O. virgata 37.9 ± 5.2 a 33.7 ± 4.3 a 7.7 ± 2.1 a 33.8 ± 4.6 a 80.0 ± 4.4 b c 29.7 ± 3.2 a 0.0 ± 0.0 a 100.0 ± 0.0 b

O. virgata 45.9 ± 3.9 a 57.0 ± 3.6 c 0.0 ± 0.0 a 16.9 ± 3.2 a 90.4 ± 6.0 b 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

F. clausum 50.3 ± 4.5 a c 53.6 ± 3.7 c 15.1 ± 3.6 a 31.2 ± 4.6 a 100.0 ± 0.0 b 16.0 ± 1.2 a 0.0 ± 0.0 a 100.0 ± 0.0 b

T. tricholepis 76.8 ± 2.7 c 69.1 ± 1.8 c 55.0 ± 2.7 c 39.1 ± 6.5 a 26.7 ± 1.7 a 46.9 ± 2.8 a 0.0 ± 0.0 a 100.0 ± 0.0 b

A. inundata 60.3 ± 2.7 c 100.0 ± 0.0 b 34.3 ± 6.2 a 100.0 ± 0.0 b 71.5 ± 5.3 c 92.5 ± 0.2 b 0.0 ± 0.0 a 100.0 ± 0.0 b

V. caven 42.3 ± 3.7 a 33.0 ± 6.1 a 30.0 ± 5.8 a 11.0 ± 3.0 a 0.0 ± 0.0 a 22.0 ± 5.1 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. alliacea 67.2 ± 2.9 c 58.8 ± 6.7 c 41.0 ± 2.0 a 57.8 ± 3.3 c 100.0 ± 0.0 b 34.4 ± 5.8 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. stelligerum 50.2 ± 1.5 a c 42.3 ± 4.3 a 0.0 ± 0.0 a 0.0 ± 0.0 a 59.1 ± 4.1 c 21.5 ± 1.6 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. lapathifolium 37.8 ± 6.5 a 33.0 ± 5.3 a 0.0 ± 0.0 a 0.0 ± 0.0 a 22.1 ± 3.6 a 20.5 ± 1.2 a 0.0 ± 0.0 a 100.0 ± 0.0 b

C. montevidensis 41.4 ± 6.2 a 10.4 ± 2.1 a 0.0 ± 0.0 a 11.6 ± 4.5 a 0.0 ± 0.0 a 31.6 ± 4.3 a 0.0 ± 0.0 a 100.0 ± 0.0 b

P. zapallo 52.9 ± 5.9 c 39.5 ± 4.4 a 18.3 ± 4.4 a 0.0 ± 0.0 a 10.3 ± 2.7 a 44.6 ± 5.3 a 0.0 ± 0.0 a 100.0 ± 0.0 b

S. argentinum 29.5 ± 4.3 a 40.2 ± 6.7 a 0.0 ± 0.0 a 13.8 ± 2.3 a 0.0 ± 0.0 a 37.5 ± 5.8 a 0.0 ± 0.0 a 100.0 ± 0.0 b

S. argentinum 50.1 ± 6.3 a c 50.1 ± 5.2 a c 0.0 ± 0.0 a 27.8 ± 3.5 a 39.3 ± 4.5 a 33.1 ± 2.8 a 0.0 ± 0.0 a 100.0 ± 0.0 b

S. granulosum-leprosum 38.4 ± 4.3 a 10.4 ± 3.7 a 29.9 ± 4.7 a 0.0 ± 0.0 a 0.0 ± 0.0 a 37.4 ± 3.6 a 0.0 ± 0.0 a 100.0 ± 0.0 b

S. pilcomayense 32.4 ± 4.7 a 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b 17.8 ± 4.7 a 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

S. pilcomayense 32.8 ± 4.8 a 100.0 ± 0.0 b 27.4 ± 3.7 a 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

S. caavurana 50.4 ± 5.5 a c 88.3 ± 2.2 b 18.2 ± 3.2 a 55.7 ± 4.3 c 71.0 ± 3.9 c 100.0 ± 0.0 b 0.0 ± 0.0 a 100.0 ± 0.0 b

L. megapotamica 62.9 ± 5.4 c 23.6 ± 5.3 a 34.6 ± 4.2 a 22.5 ± 4.4 a 0.0 ± 0.0 a 34.6 ± 3.4 a 0.0 ± 0.0 a 100.0 ± 0.0 b
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Regarding MeOH extracts, it can be observed that they were more active than DCM
extracts. Orthosia virgata, F. clausum, T. tricholepis, P. alliacea, and S. caavurana methanolic
extracts inhibited the growth of P. digitatum by more than 80%. Moreover, A. inundata and
the two collections of S. pilcomayense presented 100% P. digitatum inhibition even more
than 14 days after inoculation. P. italicum inhibition by methanolic extracts was not as
high as P. digitatum inhibition: P. alliacea and S. caavurana extracts inhibited 81.3 and 87.8%,
respectively, but this activity diminished after 14 days. Remarkably, A. inundata and both
collections of S. pilcomayense maintained their P. italicum 100% inhibition activity for more
than 14 days. Concerning G. citri-aurantii inhibition by methanolic extracts, it was 100%
inhibited for more than 14 days by O. virgata and both collections of S. pilcomayense and S.
caavurana, with the activity of A. inundata also being remarkable, which showed more than
90% inhibition even at day 14 post inoculation.

An interesting topic to remark on is the case of O. virgata and S. pilcomayense which
were collected from two different locations on the same date. The high fungicidal activity
of O. virgata was only observed for one of the collections (Gral. Obligado, Santa Fe,
28◦42′54.8′′ S 59◦23′13.7′′ W); meanwhile, the potent activity of S. pilcomayense was shown
for both collections (Gral. Obligado, Santa Fe, 28◦13′42.2′′ S 59◦06′52.6′′ W and San Javier,
Santa Fe, 30◦03′23.2′′ S 59◦51′34.8′′ W).

3.3. Analysis of the Results by Categories of Fungicidal Action

The results were divided into the following categories for percentage analysis: inac-
tive extract (fungal growth inhibition less than 50%), moderately active extract (fungal
growth inhibition between 50 and 80%), and active extract (fungal growth inhibition more
than 80%).

None of the DCM extracts tested against P. digitatum were rated as active according
to the above classification, but 80% of them were moderately active and 20% appeared to
be inactive after 7 days of inoculation. The percentage of moderately active DCM extracts
decreased from 80% to 45% and the percentage of inactive ones increased from 20% to
55%. These results may suggest that some DCM extracts could be fungistatic for a short
period but not fungicidal. For P. italicum, most of the DCM extracts were inactive (90%),
with only 10% of them moderately active after 7 days. This fungus represents the most
resistant to DCM extracts among the three phytopathogenic strains under study. In contrast,
G. citri-aurantii was the most susceptible phytopathogen to DCM extracts, since 35% of
them were active at 7 days but decreased to 20% at 14 days after inoculation, 60% were
moderately active after 7 days and decreased to 15% after 14 days, and the percentage of
inactive DCM extracts against G. citri-aurantii was 5% after 7 days, increasing to 65% after
14 days (Figure 2).

Regarding MeOH extracts (Figure 3), 55% were active, 35% were moderately active,
and 10% were inactive against P. digitatum 7 days post inoculation, and after 14 days
20% were active and 25% of them were moderately active. Additionally, 25, 35, and
40% of MeOH extracts were active, moderately active, and inactive, respectively, against
P. italicum 7 days after inoculation; meanwhile, the percentages of active and moderately
active extracts decreased after 14 days to 15 and 10%, respectively. The percentages of
active MeOH extracts against G. citri-aurantii were the same 7 and 14 days post inoculation
(25%), but the moderately active extracts after 7 days (50%) decreased to 0% after 14 days,
increasing the percentages of inactive extracts. These results may suggest that the MeOH
extracts that displayed strong activities against G. citri-aurantii have potential as fungicides
due to their fungicidal activity being maintained for more than 14 days.
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(a) 

 
(b) 

Figure 2. Percentage of active, moderately active, and inactive DCM extracts evaluated (a) 7 days
and (b) 14 days after inoculation.

 
(a) 

 
(b) 

Figure 3. Percentage of active, moderately active, and inactive MeOH extracts evaluated (a) 7 days
and (b) 14 days after inoculation.
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3.4. Curative Effect of S. pilcomayense Methanolic Extract over Oranges Infected with P. digitatum

The effect of the most active extract from S. pilcomayense was examined on postharvest
fresh oranges cv. “Salustiana” infected with an inoculum of P. digitatum (Figure 4), where
the wound-inoculated fruits were treated with the bioactive extract by dipping as described
in the Section 2. After 14 days of the treatment applications, no significant differences
in the disease severity were observed for both treatments (3000 ppm aqueous solution
of S. pilcomayense methanolic extract, and 3000 ppm aqueous solution of Imazalil®). The
control fruits (those which had been only inoculated with the pathogen, but not treated
with any fungicide) showed marked symptoms of the disease caused by the pathogen
(see the sporulation index in each fruit of the control set). Contrarily, both treatments
(S. pilcomayense methanolic extract and commercial imazalil) reduced the green mold
sporulation index significantly (p = 0.03) with respect to the control oranges, showing no
significant differences between them.

 
(a) (b) (c) 

Figure 4. Sporulation index (0 to 4 scale, in which the value 0 was assigned to negligible sporulation
and 4 referred to dense fungal sporulation over the entire fruit) after 14 days of inoculation of P.
digitatum on wound-inoculated oranges: (a) control fruits, (b) fruits treated with 3000 ppm aqueous
solution of S. pilcomayense methanolic extract, and (c) fruits treated with 3000 ppm aqueous solution
of commercial imazalil.

4. Discussion

Although a considerable number of native Argentinean plant species were evaluated
in this work for their fungicidal properties against three economically important citrus
pathogens, only six of them have demonstrated high fungal inhibition. Additionally, the
place of collection played an important role in the bioactivity of O. virgata, indicating
the importance of environmental conditions on the production of bioactive secondary
metabolites [24]. MeOH extracts obtained from all the species produced higher yields than
DCM extracts, and this fact may be due to the number and type of molecules that can be
extracted by the solvent methanol [24]. Moreover, MeOH extracts were more active than
DCM extracts, especially against both species of Penicillium, the two phytopathogens which
were more difficult to control in this work. Regarding Geotrichum, both types of extracts
(DCM and MeOH) displayed more than 50% inhibition.

A literature review of the six most active species lets us state that they have been
hardly evaluated against other microbiological activities, and in some cases a few references
were found. Remarking on the importance of our native sources’ knowledge, a discus-
sion about their biological activities and phytochemical studies found in the literature is
presented below:

Orthosia virgata (Figure 5a) belongs to the Apocynaceae family and it is commonly
known as “Liana de leche” [25]. To the best of our knowledge, there are no reports about the

43



Horticulturae 2023, 9, 562

bioactivities and phytochemistry of this species and even its genus, which turns O. virgata
into an interesting source to go on studying. The Apocynaceae family has been reported
widely for indole-containing compounds which are under clinical use including vinblas-
tine and vincristine (anticancer), atevirdine (anti-HIV), yohimbine (erectile dysfunction),
reserpine (antihypertension), ajmalicine (vascular disorders), ajmaline (anti-arrhythmic),
and vincamine (vasodilator). The main genera of the Apocynaceae family are Alstonia,
Rauvolfia, Kopsia, Ervatamia, and Tabernaemontana. These genera consist of 400 members
which represent 20% of Apocynaceae species, but only 30 (7.5%) species were investigated,
whereas the rest are promising to be investigated. Orthosia does not belong to the most
studied genus of this family, a fact that makes it even more attractive. Monoterpene Indole
Alkaloids (MIAs) present in this family, deserve the curiosity and attention of researchers
due to their chemical diversity and biological activities. These compounds were considered
an impending source of drug lead [26].

(a) (b) (c) 

(d) (e) (f) 

Figure 5. Pictures of the most active plant species acting as fungicides in the present study: (a) Orthosia
virgata, (b) Funastrum clausum, (c) Albizia inundata, (d) Petiveria alliacea, (e) Solanum pilcomayense, and
(f) Solanum caavurana. Source: database Irupé [20].

Funastrum clausum (Figure 5b) also belongs to the Apocynaceae family and it is com-
monly known as “Bejuco sapo” [27]. These plants exude sticky white latex containing the
endopeptidases funastrain and funastrain c II which exhibit cysteine proteolytic activ-
ity [28]. This fact may be the reason why the products obtained from this species provided
potent fungicidal action during the assays developed in this work. This was the only report
found in the literature for this species and its genus, so it constitutes one of the promising
species belonging to the Apocynaceae family mentioned above [26].

Albizia inundata (Figure 5c) belongs to the Fabaceae family and it is commonly known
as “Pacará”, “Timbó blanco” or “Palo flojo” [29]. The Albizia genus is phytochemically
characterized by the presence of lignanoids, flavonoids, and phenolic glycosides [30].
Moreover, olean-type triterpene saponins isolated from A. inundata exhibited cytotoxicity
against melanoma cells and human head and neck squamous cell carcinoma [31,32]. Also,
these compounds showed high anti-plasmodial and anticandidal activities probably due
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to triterpene saponins’ capacity for disrupting cellular membranes [33]. So, it is possible
that saponins from A. inundata may be responsible for the anti-phytopathogenic activities
found in this work.

Petiveria alliacea (Figure 5d) belongs to the Phytolaccaceae family and it is commonly
known as “Guiné”, “Pipi” or “Mucuracaá” [34,35]. Pharmacological studies reported that
extracts obtained from different parts of P. alliacea showed diverse effects on animal be-
havior affecting the central nervous system [35]. Rosado-Aguilar et al. [36] demonstrated
that methanolic extracts obtained from the stem and leaves presented 100% larvae and
adult mortality of Rhipicephalus microplus. This result proposed that P. alliacea may be a
promising acaricide against resistant strains of R. microplus [36]. The antimicrobial activities
of P. alliacea have been widely reported: (1) the hexane extracts inhibited Staphylococcus
aureus with a Minimum Inhibitory Concentration (MIC) of 240 μg/mL; (2) the methanolic
extract showed activity against Enterococcus faecalis (MIC = 240 μg/mL); (3) the hydroal-
coholic extract was active against Candida parapsilosis (MIC = 250 μg/mL), C. kefyr and
C. albicans (MIC = 760 μg/mL); (4) The tearful principle (Z)-thiobenzaldehyde-S-oxide
obtained from P. alliacea demonstrated antimicrobial activity against C. albicans, Klebsiella
pneumoniae, Escherichia coli, S. aureus and S. agalactiae [37]. Moreover, thiosulfonates iso-
lated from this plant, and their degradation products inhibited at low concentrations
(MIC values ≤ 64 μg/mL) the following microorganisms: Bacillus cereus, Mycobacterium
smegmatis, Micrococcus luteus, S. agalactiae, S. aureus, E. coli, Stenotrophomonas maltophila, K.
pneumoniae, and the fungus Aspergillus flavus, Mucor racemosus, Pseudallescheria boydii, C.
albicans, C. tropicalis and Issatchenkia orientalis [37,38]. A compound named DTS, which is a
polysulfide often identified in P. alliacea, led to a reversible disassembly of microtubules
through the decrease of the total expression of tubulin (0.1 μM) and caused a decrease in
phosphorylation of erk1/erk2 protein kinases (0.5 μM) in SH-SY5Y cell line, what may be
the mode of action for its biocidal activities [37]. Some studies affirm that the bioactivity
of P. alliacea leaf extracts could be attributed to the main triterpene metabolite named
isoarborinol [39].

Solanum pilcomayense (Figure 5e) belongs to the Solanaceae family and it is commonly
known as “Tomatillo del monte” [40]. Few reports have been found in the literature about
its components or bioactivities; the most highlighting study was performed by Muelas-
Serrano et al. [41] who demonstrated some antiprotozoal activity of aerial part extracts
against Trypanosoma cruzi and Trichomonas vaginalis [41]. More recently, a study examined
the antioxidant compositions and their capacities in three New Zeeland tamarillo (Solanum
spp.) cultivars. It showed that tamarillo peels possessed higher amounts of phenolic com-
pounds, total phenolic content, and antioxidant activity than the pulps. Pulps had higher
anthocyanins concentration than peels. The antioxidant capacity of tamarillos exhibited
relatively high values and was strongly correlated with high total phenolic content. The
presence of these bioactive compounds highlights the potential of tamarillo for further
utilization in the food and pharmaceutical industries. Tamarillo remains underutilized
despite its bioactive components [42].

Finally, S. caavurana (Figure 5f) also belongs to the Solanaceae family and it is com-
monly known as “Palo agui”, “Laranjinha do mato”, or “Jurubeba-branca” [40]. The ripe fruits
of S. caavurana contain a wide variety of steroidal alkaloids such as 4-tomatiden-3-one,
5α-tomatidan-3-one, and caavuranamide as well as glycoalkaloids. Regarding the nutri-
tional components of the fruit, it contains proteins (4.2%), lipids (1.5%), and carbohydrates
(56.7%). The bioactive caavuranamide (steroid alkaloid) showed significant antibacterial
activity (MIC = 135 μg/mL) against Rhodococcus equi, a similar value to the commercial
chloramphenicol (MIC = 124 μg/mL) [43]. Solanaceae fruits constitute a source of food in
many countries. In a recent study, the proximate composition of two Solanaceae fruits from
Brazilian Cerrado was evaluated. The results showed that the pulp had a high moisture
content (74.6–85.4 g/100 g) and soluble fiber (1.3–2.0 g/100 g) content, and low fat, protein,
and ash content. Potassium is the main mineral found in both fruits. The major compo-
nents revealed 24 phenolic compounds, most being hydroxycinnamic acids derivatives
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and chlorogenic acid. The antioxidant capacity of the fruits ranged from 1.3 to 11.5 μmol
TE/100 mL of extract [44]. These results indicated that the Solanum genus can be interesting
for the Brazilian fruit market and that it has the potential to be exploited for agroindustry
diversification of fruit products. In addition, our work demonstrated the fungicidal capacity
of a related species of Solanum.

5. Conclusions

Many efforts have been made to promote reducing the use of chemical fungicides
on postharvest fruits worldwide. In this sense, the use of microorganisms as biological
controllers has been highly developed in recent decades, but their safety has sometimes been
questioned. The high mutation capacity may turn a benefic bacterium into a pathogenic
one which could cause plant or human diseases. On the other hand, plant species contain a
complex mixture of molecules that should be explored, not only to treat human diseases
but also to prevent and control fruit or plant diseases. So, this type of study should be
encouraged to reduce the use of agrochemicals, especially in small or familiar farms. In this
work, we isolated and characterized (by morphological and molecular means) three strains
of the most important citric phytopathogens in our region. Through a high-throughput
screening method, we demonstrated that six Argentinean native plants (O. virgata, P.
alliacea, F. clausum, A. inundata, S. caavurana, and S. pilcomayense) inhibited 100% of the
growth of at least one of the three orange phytopathogens tested (P. digitatum, P. italicum,
and G. citri-auranti). Additionally, an aqueous solution of 3000 ppm of S. pilcomayense
crude methanolic extract concentration was highly fungicidal on postharvest oranges
inoculated with P. digitatum. However, more studies are needed, such as on the chemical
standardization of the extracts, their evaluation against other phytopathogens to detect
spectra and mechanisms of action, human cytotoxicity, and technological formulations to
determine the correct dose for the control of each disease on fruits.
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Abstract: Powdery mildew caused by Podosphaera xanthii is among the most threatening fungal
diseases affecting melons on the Mediterranean coast. Although the use of genetic resistance is
a highly recommended alternative to control this pathogen, many races of this fungus have been
described and, therefore, resistance is usually overcome; thus, breeding for resistance to this pathogen
is a challenge. Several melon genotypes carrying resistance to powdery mildew have been described
but their agronomical and fruit characters are usually far away from the required melon types in
many commercial markets. Taking this into consideration, looking for novel sources of resistance
in Tunisian landraces is a very convenient step to obtain new resistant melon varieties/hybrids
suitable for Mediterranean markets. Several Tunisian melon landraces have been tested against three
common races in Mediterranean regions (Race 2, Race 3.5, and Race 5), using phenotypic approaches
in two independent experiments (artificial inoculations in a growth chamber and natural conditions
of infection in a greenhouse). The results of the artificial inoculations showed that all the tested
landraces were susceptible to Race 3.5 and Race 5 and several landraces were resistant to Race 2.
Under natural conditions of infection, Race 2 of P. xanthii was the race prevalent in the plot and the
resistance of TUN-16, TUN-19, and TUN-25 was confirmed. The found resistances were race-specific
and underlie a high genetic influence reflected in the high value of the estimated heritability of
0.86. These resistant landraces should be considered as a potential source of resistance in breeding
programs of melons belonging to inodorus and reticulatus groups, but further research is necessary
to elucidate the genetic control of the found resistances and to provide useful molecular markers
linked to P. xanthii Race 2 resistance.

Keywords: powdery mildew; phenotypic evaluation; heritability

1. Introduction

Powdery mildew is a major problem in melon production worldwide since it occurs
all year round regardless of the growing system in cultivated fields or greenhouses [1].
The disease is caused by two pathogens: Podosphaera xanthii (Castagne) U. Braun and
Shishkoff (synonym Sphaerotheca xanthii (Castagne) L. Junell) and Golovinomyces orontii (DC)
V.P. Heluta (synonyms Erysiphe cichoracearum DC, G. cichoracearum DC). The most prevalent
species is P. xanthii but in some countries, G. orontii can also be found [2,3]. P. xanthii occurs
more frequently in temperate subtropical and tropical areas, while G. orontii occurs more
frequently in temperate areas under field conditions [2]. The infection is evident by the
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development of white mycelia on leaves and stems and, in severe cases, also affects fruits
and floral structures. Severely infected leaves may become chlorotic, or even necrotic
and brittle. As a consequence, the fungus causes a reduction in plant growth, premature
desiccation of the leaves, and consequent reduction in the quality and marketability of
the fruits [3]. No previous research has been published on the incidence and pathogenic
variability of powdery mildew in melon crops in Tunisia. However, it has been observed
during surveys that the severity of the attacks is devasting if not treated.

Spraying chemicals is the most extended method used to control this disease but the
fungus is able to develop resistance, leading to a lack of efficiency in chemical control
in many cases [4,5]. So, the genetic control of resistance against powdery mildew fungi
represents a serious challenge to researchers and breeders. Breeding of melons for resistance
to powdery mildew is hindered partially due to the diverse genetic pool from which many
sources of genetic resistance have been identified [1,6].

Many physiological races of P. xanthii have been identified according to their reactions
on different melon lines [1,3]. The predominant race in powdery mildew populations
changes depending on the melon cultivar, the growing season, and the geographical
area [7]. It has been suggested that a large fraction of the reported races are not relevant
to the majority of P. xanthii resistance breeding, which may have to be performed on a
regional basis for subsets of races. Only a limited number of races highly harmful to
cucurbit crops are distributed over a large area [1]. Races 1, 2, 3.5, and 5 are reported to be
the most extended in Southern European and Mediterranean regions [8–10]. Resistance
to Race 1 could be controlled by one recessive gene in the Indian line ‘PI313970′ [6], while
resistance to Race 2 is more complex, and both partial and total resistances have been
described [10]. Resistance to Race 5 has been described under monogenic and dominant
control in the Indian melon line ‘PI124112′ [11], and Yuste-Lisbona et al. [10] described
a dominant–recessive epitasis controlling resistance to Race 5 as well as to Races 1 and 2
in the Zimbabwean melon line ‘TGR-1551′. So far, no resistance against Race 3.5 has
been published/studied, although in current experiments carried out by the International
Seed Federation Disease Resistance Terminology Working Group (ISF DRT WG), melon
lines PI313970, PI124112, Arum, and SV1105, among others, have shown complete or
intermediate resistance to several isolates of this race [12]. Most of the sources of resistance
to P. xanthii originate from India (e.g., PI124112, PI414723, PI134198, PI313970) and several
genes have been described controlling mainly Races 1, 2, and 5 [10,13]. Although most
of them are race-specific genes, there are melon genotypes carrying genes controlling
resistance to more than one race (e.g., PI124112, PI414723, PI313970, TGR-1551). To date,
19 powdery mildew resistance genes and 12 major quantitative trait loci (QTLs) associated
with this trait have been reported [6,11,14,15].

Breeding programs require sources of resistance and a few have been reported in
melon, mostly in momordica and acidulus horticultural groups [10,16]. Vegetable seed
companies are using these sources of resistance to develop commercial melon varieties with
resistance to P. xanthii [12]. However, the existence of many races reducing the durability
of the resistance [1,3] makes it necessary to find new resistant genotypes with different
genetic backgrounds. Local landraces represent a valuable genetic resource for breeding
in a changing environment. They exhibit fine adaptation to the specific environment in
which they have evolved under years of domestication. The agronomic traits and fruit
characteristics of Tunisian landraces are similar to the commercial types demanded by
Mediterranean markets, and they also carry adaptation to the environment and cultivation
methods [17,18]. Thus, Tunisian melon germplasm, unexplored to date for powdery
mildew resistance, could be of great potential and should be exploited. This study is
aimed at identifying novel sources of resistance in Tunisian local germplasm for powdery
mildew resistance, in order to obtain new resistant melon varieties/hybrids adapted to
their cultivation in Mediterranean areas.
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2. Materials and Methods

2.1. Plant Material and Fungal Isolates

Tunisian melon landraces belonging to different botanical groups, collected from local
farmers of the Centre-East region of the country and maintained at the Regional Research
Centre on Horticulture and Organic Agriculture (CRRHAB, Tunisia), were used in the
experiments (Table 1). Most of these landraces have been characterized for their morpho-
agronomic traits [18], fruit quality [19], and also evaluated for their resistance to Fusarium
wilt and A. gossypii [17,20].

Table 1. Tunisian melon landraces used and their main characteristics regarding some biotic
stress resistances.

Codes Accessions
Horticultural
Group

Resistance to
Fusarium wilt [17]

Resistance to
Aphid [20]

TUN-2 Maazoun Menzel Chaker inodorus + −
TUN-3 Maazoun Mehdia

(MM2009) inodorus + −
TUN-4 Maazoun Fethi inodorus − −
TUN-5 Fakous (FL) flexuosus + −
TUN-7 Trabelsi inodorus − −
TUN-8 Galaoui reticulatus − −
TUN-9 Dziri (DZ P5 2011) inodorus + −
TUN-13 Arbi1 inodorus − −
TUN-16 Sarachika inodorus + −
TUN-18 Rupa cantalupensis + −
TUN-19 Chamem (Ananas type) reticulatus + +
TUN-24 Maazoun (Kairouan) inodorus − −
TUN-25 Asli inodorus − −
TUN-26 Stambouli inodorus + −

(+) and (−) indicate the presence and absence of resistance, respectively.

A set of differential melon lines were used to confirm and identify the race in both
assays (artificial and natural conditions of infection): ‘PMR-45′, resistant to Races 0 and
1, and susceptible to Races 2, 3, 3.5, 4, and 5 of P. xanthii; ‘Edisto-47′, resistant to Races 0,
1, 2, 3, and 4 and susceptible to Races 3.5 and 5; ‘PMR-5′, resistant to Races 0, 1, 2, 3, 4,
and 5 and susceptible to Race 3.5; and ‘PI414723′, with resistance to all races. The Spanish
cultivar ‘Bola de Oro’, susceptible to all P. xanthii races, was used as a susceptible control.
The identification of the species causing powdery mildew in the greenhouse was conducted
by examination of conidia for the presence of fibrosin bodies and the production of forked
germ tubes [3,21].

Three races of P. xanthii were used in the artificial inoculations: Race 2 (isolate SF30),
Race 3.5 (isolate M23), and Race 5 (isolate C8), which are the most frequent and widespread
races in melon production in Mediterranean areas. These isolates came from melon crops
from different areas of Spain (Almeria, Murcia, and Malaga, respectively) and were main-
tained in axenic conditions on cotyledons of the zucchini cultivar ‘Black Beauty’ and the
Spanish susceptible melon cultivar ‘Amarillo’ as described by Yuste-Lisbona et al. [10].

2.2. Phenotypic Evaluation by Artificial Inoculations

Seeds of the melon accessions were sown into sterilized sand and grown in a growth
chamber under 24 ◦C day/16 ◦C night conditions with a 16:8 h (light:dark) photoperiod.
Fourteen accessions and twelve plants per accession were inoculated. For artificial inocula-
tions of Races 2 and 5, inoculation was carried out by depositing a small amount of conidia,
taken from two–three infected cotyledons maintained in axenic conditions, at two spots
(at each side of, and equidistant from, the main leaf vein) on the second true leaf of each
plant [10] (Figure 1A). Once inoculated, plants were maintained in a controlled growth
chamber under 32 ◦C day/22 ◦C night conditions with a 16:8 h (light:dark) photoperiod.
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Figure 1. (A) Plants inoculated artificially by depositing a small amount of conidia at two spots on
the second true leaf of melon plants. (B) Leaf disk inoculation method.

Inoculations with Race 3.5 were carried out on leaf discs (Figure 1B). For the leaf disc
inoculation method, one leaf disc of 18 mm in diameter was taken from the second true
leaf of each plant at the 3-4 leaf stage; discs were placed adaxially upwards on moistened
filter paper in clear polystyrene boxes. Each box was placed on the base of a settling
tower of plastic (124 × 580 × 580 mm) and a cover with a centered hole of 150 mm of
diameter. Inoculation was performed by blowing, through the hole, the conidia present
on the surface of two–three infected cotyledons, obtained in axenic conditions. Inoculated
discs were incubated in growth chambers under 25 ◦C/18 ◦C day/night conditions and a
12 h photoperiod as suggested by [22,23].

Inoculations were repeated two times for each race. For each accession and P. xanthii
race, symptoms were evaluated 12–15 days post-inoculation. Plants were scored according
to the level of fungus sporulation, using a scale of 0 to 3 [10] as follows: 0 = no visible
sporulation; 1 = low level of sporulation; 2 = moderate level of sporulation; and 3 = profuse
sporulation. Melon accessions with a mean disease score between 0 and 1 were consid-
ered resistant (R) (the infection did not progress), whereas those >1, where the infection
progressed, were considered susceptible (S) [10].

2.3. Phenotypic Evaluation under Natural Infection

Accessions were evaluated under normal daylight conditions in a greenhouse at the
Experimental Station of Sahline, Tunisia (N 35◦45′02′′, E 10◦42′44′′). Tun-9 and Tun-18
were not included in the assay due to the poor number of available seeds. The experiment
was carried out, in a randomized complete block design with three replications of 6 plants
each, and was repeated two times. The evaluation was performed when all plants of the
P. xanthii-susceptible control showed severe symptoms of infection. The percentage of
affected plants was scored for each melon accession.

Powdery mildew on each infected leaf was evaluated based on the following rating
scale: 0 = no disease; 1 = less than 5% of the leaf area infected; 2 = 5% to 20% of the leaf
area with symptoms; 3 = 21% to 50% of the leaf area infected; and 4 = more than 50% of the
leaf area infected. For each melon accession, the mean and standard error of the disease
score were calculated. The disease incidence was also calculated for both methods (artificial
inoculation and natural infection) as follows:

D(%) =
∑(ni Xi)

(4 ∗ N)
× 100

where:
Xi: the rating scale;
ni: the number of plants with the same rating scale;
N: total number of plants.
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2.4. Statistical Analyses

To analyze the responses of the accessions and the influence of the methodology used
(artificial inoculation in the growth chamber or natural conditions of infection) on the
response to the disease caused by P. xanthii Race 2, an ANOVA using Type III error was
performed. All analyses were carried out using R 4.1.2 [24] with the statistical packages
emmeans [25], lme4, and car. For plotting the results, the R library ggpplot2 [26] was
used. Model selection by Akaike’s Information Criterion (AIC) resulted in the set-up of a
final model:

yi j k = μ + mi + mbi j + ak + maik + ei j k

where:
μ = general effect;
mi = effect of the i-th method;
mbij = nested effect of the i-th method within the j-th block;
ak = effect of the k-th accession;
maik = interaction effect between the i-th method and the k-th accession;
e i j k = residual error of observation yi j k.
Cullis broad-sense heritability [27] was calculated from the model estimations to an-

alyze the ratio of genetic variance compared to the total phenotypic variance observed.
The least squares means were obtained for the significant interaction effect between acces-
sions and methods and were compared in the form of a letter display using the Tukey test
(p < 0.05). BLUP (best linear unbiased prediction) estimates were calculated across both
methods for the estimation of the pure genetic effects of the accessions regarding their
response to P. xanthii Race 2. Additionally, the estimated genetic values were calculated and
correlation analyzed to estimate the relationship between the performance of accessions
under the two methodologies (artificial inoculation and natural conditions of infection).

3. Results

3.1. Phenotypic Evaluation by Artificial Inoculations

All plants of the susceptible control ‘Bola de Oro’ showed symptoms when inoculated
with Races 2, 5, and 3.5; five Tunisian accessions, TUN-9, TUN-16, TUN-18, TUN-19, and
TUN-25, were found to be resistant to Race 2 since they did not show any powdery mildew
symptoms or the disease did not progress (≤1) (Figure 2; Table 2); however, no resistance
to Race 5 nor to Race 3.5 was found as all of the landraces showed highly susceptible
responses (> to 2.5).

 
Figure 2. (A) Symptoms in susceptible control ‘Bola de Oro’ in comparison to the resistant accessions,
(B) Tun-19 (Chamem) and (C) Tun-25 (Asli). All of them were inoculated with Race 2 of P. xanthii,
with subsequent symptom evaluation 15 days post-inoculation in a growth chamber. Plants were
scored according to the level of fungus sporulation using a scale of 0 to 3.
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Table 2. Phenotypic evaluation of the resistance to P. xanthii Races 2, 5, and 3.5, by artificial inoculation
in growth chamber conditions. Values are mean (n = 12) ± SE.

Disease Score Reaction Classification *

Race 2 Race 5 Race 3.5 Race 2 Race 5 Race 3.5

TUN-2 3.00 ± 0.00 2.85 ± 0.12 2.79 ± 0.39 S S S
TUN-3 1.30 ± 0.30 2.65 ± 0.18 3.00 ± 0.00 S S S
TUN-4 1.50 ± 0.25 3.00 ± 0.00 2.75 ± 0.39 S S S
TUN-5 1.10 ± 0.20 3.00 ± 0.00 - S S -◦
TUN-7 3.00 ± 0.00 2.85 ± 0.14 2.95 ± 0.14 S S S
TUN-8 2.70 ± 0.20 3.00 ± 0.00 2.83 ± 0.40 S S S
TUN-9 1.00 ± 0.50 3.00 ± 0.00 - R S -
TUN-13 1.40 ± 0.40 2.60 ± 0.20 3.00 ± 0.00 S S S
TUN-16 0.00 ± 0.00 2.50 ± 0.24 3.00 ± 0.00 R S S
TUN-18 0.00 ± 0.00 2.65 ± 0.20 2.93 ± 0.17 R S S
TUN-19 0.40 ± 0.25 2.00 ± 0.35 - R S -
TUN-24 2.00 ± 0.54 3.00 ± 0.00 3.00 ± 0.00 S S S
TUN-25 0.20 ± 0.20 2.50 ± 0.20 2.95 ± 0.15 R S S
TUN-26 3.00 ± 0.00 2.85 ± 0.14 2.75 ± 0.39 S S S
Differential set
Bola Oro 2.00 ± 0.10 2.85 ± 0.14 3.00 ± 0.00 S S S
PMR45 2.00 ± 0.00 2.50 ± 0.20 3.00 ± 0.00 S S S
Edisto47 0.00 ± 0.00 2.85 ± 0.20 3.00 ± 0.00 R S S
PMR5 0.00 ± 0.00 0.50 ± 0.10 2.00 ± 0.20 R R S
PI414723 0.00 ± 0.00 0.00 ± 0.00 0.37 ± 0.25 R R R

* Reaction classification as resistant (R; disease score ≤ 1) and susceptible (S; disease score > 1), ◦ Due to their poor
germination ability, TUN-5, TUN-9, and TUN-19 were not tested against Race 3.5.

3.2. Phenotypic Evaluation under Natural Infection and Identification of The Prevalent Race

The disease of powdery mildew was recognized by the presence of a visual white
powdery mass, mainly composed of mycelia and conidia, on leaf surfaces (Figure 3A,B),
petioles, and young stems. The microscopic observation allowed for the identification of
P. xanthii as the causal agent and the race of P. xanthii prevalent in the greenhouse plot was
determined as Race 2 based on the resistance or susceptibility of the differential standard
host cultivars used. Thus, ‘Bola de Oro’ and ‘PMR-45′ were rated as susceptible (disease
score = 4) while ‘Edisto-47′, ‘PMR-5′, and ‘PI414723′ were rated as resistant with score
means of 0.33, 0.16, and 0.33, respectively (Table S1).

Figure 3. Assessment of Powdery mildew symptoms under natural infection. (A) ‘PMR-45′ and
(B) ‘Bola de Oro’ (both accessions were susceptible to Race 2), (C) Resistant accession Tun-25 (Asli).
Symptom evaluation was made when all plants of the susceptible accession showed severe symptoms
of infection.
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Most of the powdery mildew-infected plants exhibited white colonies that covered
the leaves, except plants of TUN-16, TUN-19, and TUN-25 (Figure 3C), which showed
mild symptoms and the disease incidence was not higher than 10% (Figure 4), confirm-
ing the results of the artificial inoculations. All remaining landraces were susceptible,
showing symptoms exceeding 30% in the susceptible lines ‘Bola de Oro’ and ‘PMR-45′
(Figures 3 and 4).

 

Figure 4. Disease incidence (%) of melon landraces and control genotypes evaluated to P. xanthii Race
2, under natural infection and under artificial inoculation. ‘Bola de Oro‘ (BO) and ‘PMR-45‘ were
the susceptible controls; ‘Edisto-47‘, ‘PMR-5‘, and ‘PI414723‘ were the resistant controls. *Tun-9 and
*Tun-18 were not evaluated under natural infection due to poor numbers of available seeds.

The behavior of the different accessions against Race 2 was evaluated under artificial
inoculation in the growth chamber and under natural conditions of infection. The disease
score data were analyzed using a two-factorial analysis of variance. For both evaluations,
the effects of the accession (G) and method of evaluation (M) were highly significant, and
the interaction GxM was also observed (Table 3). However, replication effects were not
significant (Table 3), indicating that there were no measurable systematic environmental
effects between the blocks.

Table 3. Analysis of variance for effects of the melon accession (G), method of evaluation (M), and
their interaction (GxM) on the P. xanthii Race 2 disease score.

Sources df Sum of Square F Value P (>F)

Block:Method 2 0.831 0.796 0.395
Accession (G) 15 222.89 28.673 <2.2 × 10−16 ***
Method (M) 1 11.26 21.730 3.276 × 10−7 ***
Interaction G × M 15 32.76 4.214 1.175 × 10−5 ***
Residuals 158 81.88

df: Degrees of freedom, *** highly significant at p < 0.001.

The regression line of the P. xanthii Race 2 responses between the methods of evalu-
ation and the confidence interval was determined, showing that accessions outside the
grey area are deviating, highlighting differences in their reaction among the methods
(Figures 5 and S1). These differences were specially observed in the susceptible accessions,
where their susceptible responses were more or less pronounced depending on the method
of evaluation. For example, the accession Tun-26 showed profuse sporulation by artificial
inoculation, but it showed only 5% to 20% infection of the total leaf area under natural
infection conditions.
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Figure 5. Display of the differences in the P. xanthii Race 2 responses between the methods of
evaluation (Method 1: artificial inoculation in growth chamber; Method 2: natural conditions of
infection under greenhouse). Accessions lying near the regression line show the same reaction
whatever the method used. The confidence interval is marked with a grey area. All accessions outside
the grey area are deviating, showing differences in their reaction among the methods. The straight
regression line and the highly significant correlation (0.79***) of genetic estimations between Methods
1 and 2 generally indicate a high correspondence of landrace responses between the two methods.
Tun-9 and Tun-18 were evaluated in Method 1 but not in Method 2, so they are not presented in
this figure.

The extent of variance components influencing the response to P. xanthii Race 2 showed
that 57% of the total variance could be explained by the accession, i.e., genetic variance,
with a high value of 0.86 for the estimated heritability (Figure 6). The interaction between
accession and method of evaluation explained 11% of the total variance and the method
used contributed only 6% to the total phenotypic variance, suggesting a minor influence.
Residual variance captured a quarter of the total variance, highlighting that only a small
part of the total variance could not be explained by any of the applied factors.

Figure 6. Display the extent of variance components influencing the responses to P. xanthii Race 2
analyzed over both methods. The accession covers with 57% most of the variance, followed by the
residual variance with 25%. The interaction between accession and method explains 11% and the
method effect 6%. 0% of the total variance is captured by the design effect block:method.

When analyzing variance components separately for each method (Figure S2), it
becomes clear that artificial inoculation in the growth chamber had a larger genetic variance
(81%) than natural infection in the greenhouse (67%). The residual component, which might
refer to other environmental effects, was higher under natural infection (33% vs. 19%).

56



Horticulturae 2022, 8, 1172

Estimated BLUPs (the pure genetic estimation values) of the accessions regarding the
response of the accessions to Race 2 of P. xanthii were calculated (Table 4), where the genetic
variance was separated from other influencing factors (method of evaluation, accession x
method, and residual effects). The breeding values that the breeder would use span a range
of 0.267 (resistant) to 2.987 (susceptible) and showed a consistent phenotyping ranking. In
addition, the identified resistances in TUN-16, TUN-19, and TUN-25 were validated by low
BLUPs values which ranged between 0.561 and 0.634.

Table 4. Estimated BLUPs of the accessions regarding their response to P. xanthii Race 2. All other
investigated effects (block, method, method:accession, residuals) are separated from these effects,
leading to pure genetic estimations for resistance to Race 2.

Accession BLUP for Disease Scoring

PMR-5 0.267
Edisto-47 0.340
PI414723 0.414
TUN-16 0.561
TUN-19 0.634
TUN-25 0.634
TUN-4 1.443
TUN-3 1.663
TUN-5 1.774
TUN-13 1.811
TUN-24 1.958
TUN-26 2.399
TUN-8 2.546
TUN-7 2.766
BO 2.840
PMR-45 2.840
TUN-2 2.987

4. Discussion

The existence of many races of P. xanthii reduces the durability of the resistance, which
is usually overcome; this makes it necessary to find new resistant genotypes with different
genetic backgrounds. Although several genotypes carrying resistance to powdery mildew
have been described and used to develop commercial melon varieties with resistance to
P. xanthii, their agronomical and fruit characteristics are usually far away from the required
melon types in certain markets. Thus, looking for novel sources of resistance in unexplored
landrace collections, such as those held in the CRRHAB (Tunisia), is a very convenient step
to test the possibility of obtaining new resistant melon varieties/hybrids.

The predominant pathogens of powdery mildew populations change depending on
the melon cultivar, the growing season, and the geographical area [7]. In Tunisia, no
previous research has been carried out leading to the identification of powdery mildew
species and races. Under the greenhouse conditions observed during this study, P. xanthii
Race 2 was identified as the pathogen responsible for powdery mildew. Determination
of the predominant races of P. xanthii in Tunisian melon-growing regions is of substantial
significance both for combating the disease and for breeding purposes. Race composition
can vary over time and screening tests are required every year.

The ANOVA analysis showed that the response to P. xanthii Race 2 infection was
significantly different among accessions. Additionally, significant differences were ob-
served between the employed methods: both methodologies were useful and accurate in
identifying resistance, but accessions were more susceptible when artificial inoculation in
the growth chamber was used. Significant effects of the interaction accession x method have
been also observed. This interaction was observed only in some susceptible accessions;
thus, the susceptible response shown by accessions TUN-4 and TUN-26 was higher when
artificial inoculation in the growth chamber was used; however, TUN-8, TUN-13, BO, and
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PMR-45, showed higher susceptibility in natural conditions of infection. Genetic effects
explained 57% of the total phenotypic variation observed, followed by the interaction effect
between the method of evaluation and the accession (11%) and, thereafter, the method
effect (6%).

Correlation analysis revealed a highly significant relationship (r2 = 0.791***, p < 0.05) in
the response of the accessions between the artificial inoculation in the growth chamber and
the natural conditions of infection, which confirms that the use of a controlled growth cham-
ber and artificial inoculations could speed up the evaluation of the response to P. xanthii
Race 2 in breeding programs and also confirms that the evaluation is not dependent on
the crop cycle and can be carried out at any time. Obviously, greenhouse or field trials are
needed to complement and confirm the results of artificial inoculation in growth chambers.

In our study, a very strong genetic influence on the response to P. xanthii Race 2 was
found. This was reflected in the high value of the estimated heritability (0.86), showing
that selection regarding resistance in this broad gene pool and the successive development
of resistant varieties are very promising. A complete genetic characterization of the found
resistances is necessary to identify the number of loci/alleles controlling this resistance that
seems to be race-specific.

Most of the resistances found in P. xanthii are race-specific. Many commercial varieties
with specific resistances have been developed but they become susceptible to infection
shortly after they are exploited, because of frequent changes in pathogen populations [1].
Therefore, the pyramiding of resistance genes to specific races in a single genotype, or the
use of resistance that is not race-specific, should give more comprehensive and durable
protection [1]. Consequently, the search for and utilization of new genes that confer
resistance to powdery mildew are still primary objectives in melon breeding. The results
obtained after artificial inoculation showed that all the melon landraces were susceptible to
Races 3.5 and 5 and five landraces were resistant to Race 2. Under natural conditions of
infection, TUN-16, TUN-19, and TUN-25 showed low symptoms and the disease incidence
was not higher than 10%, confirming the results of the artificial inoculations. Only a few
sources of resistance to powdery mildew have been reported in melon, mostly belonging
to flexuosus, conomon, momordica, and acidulus horticultural groups [10,16]. Resistance to
different races of P. xanthii has been generally found in accessions from India [28]. Most of
these sources are quite different from Tunisian commercial types, which makes it difficult
to eliminate undesirable melon characteristics introgressed into the commercial melon
lines together with the resistance gene/s. The resistant landraces identified in this study
belong to inodorus (Dziri: TUN-9, Sarachika: TUN-16, and Asli: TUN-25), cantalupensis
(Rupa: TUN-18), and reticulatus (Chamem: TUN-19) horticultural groups, which are similar
to commercial types of melons regarding their agronomic traits and fruit characteristics.
Special attention should be given to the resistant landrace TUN-19 Chamem, of Ananas
type, since it also carries the Vat gene of resistance to Aphis gossypii [20] and the Fom-1 gene
of resistance to Races 0 and 2 of Fusarium oxysporum f.sp melonis [17]. TUN-19 is a potential
landrace with high value as a donor of different diseases and pest resistances for melon
breeding programs to develop commercial melons of the Ananas type, which are highly
appreciated not only in Tunisia but also in other Mediterranean countries. Furthermore,
these Tunisian landraces are productive [18], are adapted to local cultivation conditions,
and do not have non-desirable traits [29]. Thus, the use of these new resistance sources will
promote breeding programs to obtain melon varieties/hybrids.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae8121172/s1, Table S1: Phenotypic evaluation of the resistance
to P. xanthii Race 2, under natural infection, Figure S1: Least squares mean for the significant interaction
effect between method and accession. Figure S2. Display of the extent of variance influencing the
P. xanthii Race 2 response in each method used.
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Abstract: Stimulation of plant defenses by elicitors is an alternative strategy to reduce pesticide
use. In this study, we examined the elicitor properties of a by-product of the industrial extraction
of agar from the red alga Gelidium sesquipedale. Agar extraction process leads to the formation of
an alkaline residue which is poorly valorized. This by-product has been analyzed for its chemical
composition. It contains 44% minerals and, among the organic compounds, sugars are the most
represented and encompass 12.5% of the dry matter. When sprayed on tomato plants, this by-product
enhanced the levels of defense markers such as peroxidase or phenylalanine ammonia lyase activities.
Furthermore, this treatment increased the expression levels of the pathogenesis-related gene, PR9
encoding peroxidase. A field trial conducted on grapevine revealed that spraying treatment with
this by-product resulted in a reduction of the macroscopic disease symptoms induced by Plasmospora
viticola, with 40 to 60% efficacy. These results indicate that this agar extraction by-product could be
used as a plant defense stimulator.

Keywords: tomato; grapevine; elicitor; plant defense; by-product; Gelidium sesquipedale

1. Introduction

Plant pathogens are responsible for significant reductions in crop yields. Large quanti-
ties of pesticides are being used to reduce their impact. However, an international study
published in 2017 revealed that pesticides are responsible for the death of 5000–20,000 and
the poisoning of 500,000 to a million people [1]. Despite their controversial side effects,
2.6 million tons of pesticides have been used worldwide in 2020 [2]. In addition, these
chemicals might alter the quality of water and soil and could be harmful to farmers. Fur-
thermore, pesticide residues are frequently found in commercialized plants. In order to
reduce the use of pesticides, an alternative strategy can be adopted consisting in improving
the natural defenses of plants against their pathogens. Indeed, plants naturally defend
themselves from pathogen attacks by reinforcing their natural barriers or by developing
direct attacks against the pathogens. Plants benefit from passive as well as active defense
mechanisms. Passive mechanisms are permanent and consist of a series of physical barriers
like cuticles or cell walls [3], in addition to constitutively produced molecules like phenolic
compounds, known for their antimicrobial properties [4]. However, pathogens are able to
produce cell wall-degrading enzymes (cutinases, polygalacturonases, etc.) that weaken
this barrier of the plant cell [5]. In case of failure of the passive defenses, plants build a
series of active defenses in response to pathogen aggression. Active defenses include a
hypersensitive response (HR), leading to an auto-destruction of the damaged cells, and a
local acquired resistance (LAR), consisting in isolating the cells close to the damage site.
LAR can later become a SAR (systemic acquired resistance), a resistance that involves
the whole plant, thanks to the production of PR proteins (pathogenesis related proteins),
which are targeted towards specific pathogens [3]. The responses to the pathogen occur in
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the following order: recognition of the elicitor (plant defense stimulator, PDS), signaling
to other cells, and defensive reactions. The initial event is, therefore, the recognition of
a signal of pathogen attack, for example the recognition of pathogen molecules, called
microbe-associated molecular patterns (MAMPs), or also of molecules released from the
damaged host cells, called the damage-associated molecular patters (DAMPs). The recogni-
tion process directly implies specific receptors called PRRs (patterns recognition receptors).
These are usually receptor-like kinases (RLKs) or receptor-like proteins (RLPs) which har-
bor an extracellular domain recognizing MAMPs/DAMPs. Among MAMPs, bacterial
flagellin, peptidoglycans, lipopolysaccharides, fungal chitin, oomycete β-glucans or toxins
and degradation enzymes like endopolyglucanases can be mentioned. On the other hand,
DAMPs are endogenous molecules, for example oligogalacturonides, which are released
from the walls of the damaged cells. The recognition of MAMPs/DAMPs gives place to the
aforementioned plant defense mechanisms like the production of Pathogenesis-Related (PR)
proteins and phytoalexins, HR activation and cell wall thickening. For example, deposition
of callose and lignification render the plant cell wall more resistant to pathogen attack [5].
These plant defenses might be induced by elicitors defined as compounds which mimic
either MAMPs or DAMPs. Therefore, elicitors could be used to protect the plant from
pathogen attacks [6].

An elicitor is usually a molecule produced by a pathogen, but hormonal and abiotic
elicitors (some metals for example) have also been described [7]. Moreover, some envi-
ronmental stresses, like excess light, hyperosmolarity, drought, thermal variations, etc.,
can induce defense responses [7]. Among elicitor compounds, various types have been
characterized, including hormonal source elicitors, carbohydrate-containing polymers, like
(glyco)peptides and (glyco)proteins, and algae-derived elicitors. Hormonal elicitors are phy-
tohormones that are implicated in the signaling of defense responses, for example salicylic
acid [8,9]. Carbohydrate elicitors are secreted by microorganisms or derived from the cell
walls of fungi, bacteria or from the host plants themselves [8,9]. Also, many carbohydrate-
based polymers whose structures are close to those present in the pathogens or the plant
have been found to act as elicitors. Among them xyloglucans, oligogalacturonides, chitin or
chitosan oligomers and ramified β-(1,3)-(1,6)-glucans, exhibit elicitor activities in different
plant species and trigger pathogen defense responses. Seaweed polysaccharides such as
fucans, laminarin, or carrageenans have also been described as plant elicitors [10]. We
have shown in a previous work that an extract from the red alga Gelidium sesquipedale
contained some original molecules, such as glycerol-galactosides, endowed with elicitor
activities [11,12]. However, this extract was obtained at a laboratory scale. As G. sesquipedale
is used at the industrial level for the production of agar, large volumes of by-products are
generated which might potentially contain molecules exhibiting biological activities. We
describe in the present work, the chemical characterization and the determination of the
principal components of a by-product of the industrial agar extraction from G. sesquipedale.
Then, the biological activities of this extract were assessed, in controlled conditions, on
tomato plantlets by measuring some defense responses such as peroxidase or phenylalanine
ammonia lyase (PAL) activities. Transcription levels of some PR protein genes were also
determined. Furthermore, the capacity of this by-product to protect plants from pathogens
was evaluated in a field trial conducted on grapevine infected by Plasmopara viticola (downy
mildew grapevine disease).

2. Materials and Methods

2.1. By-Product Origin, Production and Preparation

The agar by-product was obtained from the industrial treatment of G. sesquipedale.
Algae harvested from the Moroccan seashore during summer 2019 were processed by the
SETEXAM company (Kenitra, Morocco). The extraction process comprises an alkaline
treatment of the dried algae with a 5% NaOH solution during 1 h. Algae are then separated
from the alkaline solution. The recovered solution is analyzed and its NaOH content is
readjusted, if necessary, in order to be used for the treatment of a new batch of alga. This
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step is repeated 35 times (i.e., 35 batches of alga). The final alkaline solution, recovered
in loco, neutralized to pH = 7 with 1% sulfuric acid, concentrated and finally freeze-dried,
constitutes the lyophilizate, called SL35, which was used in the present study.

2.2. Elemental Analyses

Samples of SL35 were calcined at 800 ◦C for 8 h and around 250 mg batches of the
resulting residue were weighed and digested as described by Nguyen et al. [13]. Elements,
except P, C, H, N and S, were analyzed by MP-AES as in [13]. C, H, N and S were quantified
by CHNS as described by Bascle et al. [14]. The digested samples were also quantified for their
phosphorus content using the LCK349TM and LCK350TM kits (Hach©, Düsseldorf, Germany).

2.3. Organic Compounds Assays
2.3.1. Carbohydrate Assays

The method of Dubois et al. [15] was used for the quantification of neutral sugars.
Galactose and galacturonic acid were used for the calibrating curve with respective ranges
of 0–100 and 0–200 μg mL−1. Uronic acids were quantified by the method of Blumenkrantz
and Asboe-Hansen [16] using meta-hydroxydiphenyl as reagent. The calibrating curve was
made with galactose and galacturonate as standards with respective ranges of 0–500 and
0–100 μg mL−1.

2.3.2. Protein Assay

Protein concentration was determined as described by Bradford et al. [17] using bovine
serum albumin as a standard.

2.3.3. Phenolic Compounds Assay

To quantify the total amount of phenolic compounds the method from Piló-Veloso et al. [18]
was used with a calibration curve of gallic acid from 0 to 100 μg mL−1.

2.4. Greenhouse Experiments

The experiments were conducted as described by Faugeron-Girard et al. [19] except
that the present treatment was done with the lyophilized agar extraction by-product, SL35.

Briefly, tomato plants (Marmande variety), at least 1 month old, cultured in greenhouse
conditions were treated three times at days 1, 3 and 5 by foliar spraying. SL35 was applied
in solution with a surfactant (Tween®80 0.05%, Thermo Fisher 76870 Kandel, Germany).
The concentration range of SL35 was from 10 to 1000 mg L−1 and 0.05% Tween®80 was
applied as a control. Plants were inoculated on the 8th day by infiltration of leaves with
conidial suspensions of Botrytis cinerea (UBOC 117017). The leaves above the point of
inoculation were collected and subjected to biochemical analyses.

2.5. Plant Defense Activities

Peroxidase activity was determined as described by Faugeron-Girard et al. [19]. Briefly,
foliar samples were ground in presence of 100 mM phosphate buffer (pH = 7). Then,
extracts were assayed in a 250 mM acetate buffer (pH = 4.4) containing 500 μM 2,2′-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid and 250 μM H2O2. The reaction was followed
spectrophotometrically at λ = 412 nm.

Phenylalanine ammonia lyase (PAL) activity was determined as described by
Francini et al. [20]. Extraction was done in 100 mM borate buffer (pH = 8.8) contain-
ing 14 mM β-mercaptoethanol. Assay medium consisted of 1 mL of the borate buffer mixed
with 200 μL of 100 mM phenylalanine and the formation of trans-cinnamic acid at room
temperature was deduced from absorbance of the medium at λ = 290 nm.

Callose content of tomato leaves was determined as described by Hirano et al. [21].
Samples from 15 different plants treated the same way were dried and ground together and
3 replicas were created by weighing 30 mg of the mixed powder obtained from the 15 plants.
Phenolic compounds were removed by addition of polyvinylpyrrolidone followed with

63



Horticulturae 2022, 8, 958

ethanol washings until no visible green color could be seen. The remaining pellet was
resuspended in 1 M NaOH to extract callose. A calibration curve was prepared with a
15 μg mL−1 β-1,3-glucan (Megazyme/Libios) solution dissolved in 1 M NaOH (concentra-
tion range: 0–15 μg mL−1). Callose was measured using aniline blue chromophore in 1 M
glycine buffer (pH = 9.5).

2.6. Quantification of Defense Gene Expression by Real Time q-PCR

The experiment was carried out as described by Grassot et al. [22] with slight modifica-
tions. Here, samples consisted of 3 tomato foliar disks of 1 cm diameter. A NanoDrop One
(ThermoFisher Scientific™, F67403 Illkirch, France) was used to measure RNA amounts and
quality was assessed with RNA easy kit (Qiagen). Reverse transcription was effectuated
with a Thermo Scientific TM RevertAid First Strand cDNA Synthesis Kit using 1 μg of RNA.
Finally, 50 ng of cDNA were used with 10 nM of primers in each well of the PCR 96-well
plates. The analyzed genes were PR2, PR8, PR9, PR14, PR15 and PAL, with β-actin as
housekeeping reference gene. The sequences of the primers used are presented in Table 1.

Table 1. List of primers used in real time q-PCR experiments on tomato plants (Solanum lycopersicum).
F: Forward; R: Reverse.

Gene References Primers in the Corresponding Gene

PR2b - F: CCGTTGGAAACGAAGTTGAT
R: TCATCAGCATGGCCAAAATA

PR8 [23]
F: TGC AGG AAC ATT CAC TGG AG
R: TAA CGT TGT GGC ATG ATG GT

PR9
[24] F: GCTTTGTCAGGGGTTGTGAT
[25] R: TGCATCT CTAGCAACCAACG

PR14 [26]
F: CTCCATGCCTCCCTTATCTTC
R: CATGCTGTCTTTCGATCCG

PR15 [27]
F: GGGCTAAATCCACCTCA
R: GGCACCACGAACATCTC

PAL [28]
F: CTTTGATGCAGAAGCTGAGACA
R: TCGTCCTCGAAAGCTACAATCT

β-actin [23]
F: AGG CAC ACA GGT GTT ATG GT
R: AGC AAC TCG AAG CTC ATT GT

DNA quantification was possible though the SYBR GREEN method. To calculate the
expression of the genes of interest we chose to set their expression relative to the reference
gene based on threshold values (Ct) using the ΔΔCt method (fold gene expression = 2−ΔΔCt).
The formula (−1/2−ΔΔCt) was applied to values between 0 and 1, in order to optimize their
graphical representation. For ΔΔCt relative quantification, only Ct(s) below 35 were taken
into consideration.

2.7. Field Trial on Grapevine against P. viticola Artificially Inoculated

The tested plants belong to Vitis vinifera species (Merlot variety) cultivated at Sainte-
Livrade sur Lot (47), France. Plants were watered twice a day. The trial was organized in
25 plots (with 7 plants per elementary plot), randomly disposed, and including 4 replicas
of each treatment. The treatments consisted in spraying the products over the leaves
at 7-to-10-day intervals. The treatment dates are mentioned in Table 2. The different
treatments were: not-treated control (NTC), a positive control as IODUS 2 CULTURES
SPECIALISEES® with laminarin as the active molecule applied at 90 g active ingredient
per ha, and the by-product SL35 applied at different doses: 5 g SL35 per ha (SL35x1), 35 g
SL35 per ha (SL35x7), and 70 g SL35 per ha (SL35x14). All SL35 solutions were done in
0.05% (w/v) Tween 80. Artificial contamination was performed on May 28 at the beginning
of the flowering (BBCH 61). An inoculum was prepared with frozen grapevine leaves
infected by P. viticola, harvested in 2019. It was applied by spraying on ten leaves belonging
to a grapevine plant positioned at the end of each plot. This plant was further excluded

64



Horticulturae 2022, 8, 958

from the rating of the symptoms. To evaluate the progression of the disease, 100 leaves
from the same canopy level (similar age) per plot or 50 bunches per plot were used for
each rating. The severity was defined as the average surface of leaves or bunches showing
symptoms. The incidence was determined as the average percentage of leaves or bunches
showing symptoms.

Table 2. Treatment schedule: dates of application and vegetative development stage of the grapevine
plants at each time of application.

Dates Developmental Stage

5 May First leaf unfolded (BBCH 11)
12 May Inflorescences clearly visible (BBCH 53)
20 May Inflorescences fully developed; flowers separating (BBCH 57)
27 May Beginning of flowering: 10% of flowerhoods fallen (BBCH 61)
8 June Fruit set: young fruits beginning to swell, remains of flowers lost (BBCH71)

15 June Pea-sized berries, hanging bunches (BBCH 75)
24 June Berries beginning to touch (BBCH 77)

2.8. Statistical Analyses

For the biochemical experiments 15 samples per treatment were used. Callose quan-
tification was realized on 3 analytical replicates, each one using the material collected on
15 plants. Real time qPCR was independently realized on 5 biological replicas for each
treatment. Statistical analyses were carried out with the Past free software (version 2.17c).
The one-way ANOVA or the Kruskal Wallis tests were used (noted on each figure). p values
under 0.05 were considered as significant.

For the field trials, the statistical significances of differences among treatments were
estimated using one-way ANOVA followed by the Newman and Keuls test (p < 0.05) and
the Kurtosis analysis.

3. Results

3.1. SL35 Composition

Chemical analyses were done to determine the contents of the major compounds of
the SL35 by-product. Mineral compounds represent on the average 44% (±1.7) of the dry
mass (Table 3). Na and K are the most important in quantity with respectively 140 (± 9)
and 40 (± 0.7) mg g−1 DW. Elemental analysis revealed that carbon is quite abundant with
170 (±7.4) mg g−1 DW. Among organic compounds, sugars were the most represented
since total sugar content was estimated to 125 (±0.2) mg g−1 DW. Comparatively, proteins
and phenolic compounds were less present as their contents were respectively 7 to 16 times
lower compared to the sugar content. Also, the pH value of the SL35 solution measured at
a final concentration of 25 mg DW mL−1 was 7.0.

3.2. Biological Activity of SL35: Effect of the Concentration on the Stimulation of Tomato Plant
Defenses

To evaluate the effect of the treatment on a model plant (tomato), enzymatic activities
related to defense mechanisms, peroxidase and PAL specific activity, and callose content
were measured. Peroxidase is involved in hydrogen peroxide detoxification and in the syn-
thesis of lignin (PR9), PAL transforms phenylalanine into trans-cinnamic acid, a precursor
of phenolic compounds and, therefore, contributes to the cell wall thickening. Phenolic
compounds also possess antimicrobial activity, while callose is one of the main contributors
to cell wall thickening.

When tomato plantlets were pre-treated with SL35, a significant increase in peroxidase
specific activity was observed for SL35 concentrations of 50 and 1000 mg L−1 as compared
with control (Figure 1). A tendency to increase was also observed with 200 mg L−1 despite
the fact that this increase is not significant. A concentration of 10 mg L−1 seems not to be
sufficient to stimulate this activity.
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Table 3. Chemical composition of SL35 (average ± standard deviation, n = 3). CHNS: elemental
analysis; DW: Dry Weight; MP-AES: Microwave Plasma Atomic Emission Spectroscopy.

Types of Components Analysis Method CONTENTS

Mineral content calcination 440 ± 17 mg g−1 DW
Na MP-AES 140 ± 9 mg g−1 DW
K MP-AES 40.5 ± 0.7 mg g−1 DW
Si MP-AES 0.48 ± 0.0 mg g−1 DW
Ca MP-AES 0.43 ± 0.1 mg g−1 DW

Elemental analysis
C CHNS 170 ± 7.4 mg g−1 DW
H CHNS 27.6 ± 1.5 mg g−1 DW
N CHNS 24 ± 1 mg g−1 DW
S CHNS 86 ± 6.4 mg g−1 DW
P LCK349TM and LCK350TM kits 4.3 ± 0.1 mg g−1 DW

Organic compounds
Total sugars Colorimetry 125.4 ± 0.2 mg g−1 DW

Uronic acids * Colorimetry 9.3 ± 0.2%
Proteins Colorimetry 16.9 ± 2 mg g−1 DW

Phenolic compounds Colorimetry 7.7 ± mg g−1 DW
* Expressed as % of total sugars.

Figure 1. Peroxidase (A) and PAL (B) specific activities and callose content (C) of tomato leaves
after treatment with increasing concentration of SL35 diluted in 0.05% Tween 80 (days 1, 3 and 5)
and inoculation with B. cinerea at day 8. All samples were collected at day 15 (mean ± SD; n = 15
for peroxidase and PAL activities and n = 3 for callose contents). No letters in common between
treatments indicate significant differences (p < 0.05; one-way ANOVA).
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PAL specific activities were also significantly more important in plants treated with
10 or 50 mg SL35 L−1 as compared with control. An increase in SL35 concentration of
sprayed solution at 200 and 1000 mg L−1 seemed not to increase PAL specific activities
which were close to control values. Data suggest that concentrations over 200 mg L−1 are
supra-optimal for the PAL stimulation.

Treatments of tomato plants with SL35 concentrations of 50, 200 and 1000 mg L−1

significantly increased callose contents above control.
Finally, SL35 concentration of 50 mg L−1 seemed to be the optimal concentration to

induce an increase of all the three defense markers: peroxidase and PAL specific activities,
together with callose contents.

3.3. Biological Activities of SL35 in Presence or Not of Pathogen: Comparison with Commercial
Standard

The elicitor activity of SL35 was compared with that one of laminarin (Vacciplant®;
Goëmar laboratories, Saint Malo 35400, France) which is a known PDS, containing a
polysaccharide composed of (1–3)-β-D-glucan with β-(1–6) branching [29]. It was applied
by spraying a solution at a concentration of 300 mg L−1. The SL35 concentration (50 mg L−1)
was chosen as the lowest concentration leading to a significant difference with control
(see Figure 1). Then, a part of the tomato plants was inoculated with B. cinerea while another
part was not inoculated.

As seen in Figure 2, peroxidase activity was not significantly increased in presence
of laminarin, whether the plants were inoculated or not. However, a small increase of
peroxidase activities was obtained in presence of laminarin as compared with control.
Even if the SL35 treatment induced a lower peroxidase activity in non-inoculated plants
in comparison with laminarin-treated plants, this activity was significantly higher in the
inoculated specimens as compared with control and plants treated with laminarin. The
profile of PAL activities was quite different. In absence of inoculation, the laminarin
treatment seemed to significantly reduce the PAL activity. The peak value of activity
probably occurred before the 7th day after the last laminarin treatment. According to
previous works on suspended tobacco cells treated with laminarin, the peak of activity
was reached 4 h after treatment [30]. Laminarin treatment of the inoculated plants induced
a significant increase of PAL activity in comparison with inoculated plants devoid of
laminarin treatment. Besides, SL35 treatment significantly stimulated PAL activity in
non-inoculated plants in comparison with their control (non-inoculated and SL35-free
plants). Finally, inoculation by itself did not lead to any difference with non-inoculated
control specimens.

For the callose contents, the laminarin treatment induced a significant difference
with the control in the case of non-inoculated plants: 284 ± 5 μg g−1 compared with
207 ± 2 μg g−1 respectively. Nevertheless, no statistical difference was observed in the in-
oculated counterpart, 315 ± 17 μg g−1 for plants treated with laminarin vs. 298 ± 16 μg g−1

for the control ones. However, a difference appeared between the inoculated plants and
the non-inoculated control ones sprayed with water. The same goes for SL35, where there
was a statistical difference in non-inoculated samples (SL35-treated plants compared with
water-treated control) with a higher value at 318 ± 14 μg g−1. However, inoculated sam-
ples did not present any notable difference with the control, since only 286 ± 21μg g−1

of callose was found in the former samples. The statistical difference between inoculated
SL35 and non-inoculated water control persists, as does the difference between inoculated
and non-inoculated controls. These data give the information that pathogen, elicitor, or a
combination of both, stimulate callose formation at the same level since all of these treat-
ments led to statistical differences with the non-inoculated water control but not between
themselves. It might be possible that callose accumulation reach a maximum value which
cannot be increased even if other stimuli are perceived.
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Figure 2. Peroxidase (A) and PAL (B) specific activities and callose content (C) determined in tomato
leaves after treatment with SL35 (50 mg L−1) or laminarin (days 1, 3 and 5). At day 8, inoculation
by B. cinerea was applied or not (non-inoculated). All samples were collected at day 15. Peroxidase
values are means of 15 samples ± SE and Kruskal Wallis test was performed. PAL values are means of
15 samples ± SD and one-way ANOVA was performed. Callose values are mean of 3 samples ± SD
and one-way ANOVA was performed. Different letters indicate significant differences (p < 0.05).

3.4. Evaluation of Defense Responses by Quantification of Gene Expression

Gene expression in relation to some PR proteins and PAL was quantified in tomato
plantlet leaves one day following inoculation (day 9) after pre-treatment with laminarin
(300 mg L−1) or SL35 (50 mg L−1) comparatively to a control treated with water. The
same experiment was done on plantlets without inoculation (harvested on day 9). Relative
expressions refer to the appropriate water controls (non-inoculated water-treated plants for
the inoculation-free treatments and inoculated water-treated plantlets for the treatments
with inoculation).

For non-inoculated plants, no induction was recorded for all of the tested genes in
comparison with the positive control (laminarin treatment). Moreover, a significant 5-
fold repression of the PR9 gene was observed relative to the control (Figure 3). For the
inoculated samples, laminarin significantly induced increased expression of PR2, PR8 and
PR15, respectively 7.7, 3.4 and 5.6-fold. A slight increase for the PR9 gene expression was
visible (2.1-fold), but the difference was not sufficient to generate a statistical significance.
Expression of the other PR or PAL genes did not show any significant difference.
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Figure 3. Relative expression levels of some genes encoding PR proteins and PAL in tomato leaves
subjected to SL35 or laminarin treatment by foliar spraying (days 1, 3 and 5). Plants were infiltrated
with B. cinerea conidia at day 8 (dotted histograms). All samples were harvested at day 9. Gene
expressions were calculated relative to the appropriate water controls (non-inoculated water for
non-inoculated laminarin and non-inoculated SL35, inoculated water for inoculated laminarin and
inoculated SL35). Values are means of at least 5 independent samples ± SE. One-way ANOVA was
performed to evaluate statistical differences. Only relative expression values out of the interval
(+1.5, −1.5), were taken in consideration. * Means significant statistical differences in comparison
with controls (p < 0.05).

When tomato plantlets were treated with SL35 without inoculation, PR2 and PR8
genes were overexpressed 3.1 and 2.2-fold respectively, but no significant difference was
observed. PR14, PR15 and PAL genes showed almost no increased expression. PR9 gene
expression seemed to be significantly reduced (by 1.5-fold) by the SL35 treatment compared
with control. The same tendency was observed for laminarin treatment as described above.
For this gene, inoculation seemed to increase the level of expression as compared with
the plantlets treated with either laminarin or SL35. Indeed, the induction by SL35 was
quite high, reaching 61.3-fold over control. On the other hand, for PR2, PR8 and PR14
genes, the expression showed a tendency to increase (respectively 2.7, 1.6 and 1.8-fold as
compared with control). Again, PR15 and PAL did not show any significant expression
change, whatever the plant treatment.

When SL35 was compared with laminarin, known as an inducer of defense genes, the
expression profiles followed the same tendency for the PR2, PR8 and PR9 genes, i.e., an
increase in expression, PR9 being the only significantly overexpressed of these three genes
in SL35-treated plants. Opposite results were obtained for PR9 in non-inoculated plants as
compared with inoculated ones. The only stronger effect of laminarin was observed with
PR15 which presented a significant induction although no significant effect was observed
with SL35 treatment.

3.5. Field Trial on Grapevine against P. viticola Artificially Inoculated

The preliminary work performed in greenhouse on tomato as model plant, allowed
to assess the elicitor activity and the optimal concentration of SL35. The field trial was
conducted on the pathosystem grapevine-P. viticola instead of tomato-B. cinerea because of
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the economic importance of grapevine in France. The long distance of the experimental
field from the laboratory did not allow to carry out the analysis on gene expression.

The field trial was localized in Sainte-Livrade sur Lot (France, 47), during the year 2020.
The SL35 capacity to protect grapevine from P. viticola was assessed in comparison with
a commercial laminarin (IODUS 2 CEREALES®, Goëmar laboratories, Saint Malo 35400,
France). The control condition corresponded to treatment with water. The concentrations of
the sprayed solutions of SL35 were 50 mg SL35 L−1 named SL35x1, 350 mg SL35 L−1 named
SL35x7 and 700 mg SL35 L−1 named SL35x14. These choices were based on the previous
greenhouse experiments in which the lowest concentration leading to a significant increase
of tomato defense markers was 50 mg L−1 (Figure 1). While the two other concentrations,
350 mg L−1 and 700 mg L−1, were chosen because field treatments are known to generate
losses in applied product (drift during spraying, or rainwater leaching, depending on
weather conditions). The treatments consisted in spraying the products over the leaves
at 7-to-10-day intervals. An artificial contamination with spores of P. viticola was done on
28 May, one day after the 4th application of the treatments since the disease did not occur
naturally.

Figure 4 shows the results recorded on 4 June, 7 days after the artificial inoculation
(for grapes), on 18 June, 21 days after artificial inoculation (for leaf incidence) and on
30 June, 33 days after inoculation (for leaf severity). For leaf incidence, even if a decrease
in incidence was observed on plants treated with laminarin and with SL35 (six treatments
done), no significant difference was observed whatever the concentration (Figure 4A).

Figure 4. Effects of SL35 treatments on incidence (A) of downy mildew on grapevine (field trial,
notation 18 June 2020) expressed as % of infected leaves and on severity (B) expressed as % of
damaged surface (notation 30 June 2020). The same parameters were measured on bunches: in-
cidence (C) and severity (D) (notation 4 June 2020). SL35 was applied at different concentrations
(50 mg L−1 for SL35x1, 350 mg L−1 for SL35x7, 700 mg L−1 for SL35x14) beginning from May 5
and repeated at 7-12-day intervals (see Table 2 for details). Control corresponds to water treatment.
Laminarin corresponds to application of IODUS 2 CEREALES®. Means followed by the same letter
do not significantly differ (p < 0.05, one-way ANOVA followed by Newman and Keuls test and
Kurtosis analysis).

However, the control showed an advanced stage of the disease in terms of percentage
of infected leaves (19.5% on June 18). On 30 June (seven treatments done and 33 days
after the artificial inoculation), a significant reduction in severity was recorded with both
laminarin and SL35x7 which showed efficacies of 38% and 41%, respectively (Figure 4B;
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see also Table S1). Treatments with SL35x1 and SL35x14 could possibly decrease the sever-
ity of the disease but these results were not significantly different from the control which
showed a severity of 26.2%, compared with 20.7% and 18.8% for SL35x1 and SL35x14,
respectively. Taken together, the results obtained during this field trial showed that
350 mg L−1 was an optimal concentration of SL35, able to reduce the symptoms of mildew
on grapevine and that this concentration was statistically as efficient as the reference used
in this study (laminarin, applied as IODUS 2 CEREALES).

Downy mildew symptoms were also observed on sampled bunches of grapes. They
were significantly less important with SL35x7 and SL35x14 treatments as compared with
control, showing an efficacy to reduce the disease symptoms around 38% (Figure 4C). This
activity was equivalent to the laminarin treatment. The same profile was observed for
damaged surface of bunches and again SL35x1 seemed to be insufficient to reduce the
disease symptoms, even if a slight, but not significant, reduction was observed as compared
with control.

4. Discussion

Agar extraction from red algae such as G. sesquipedale is a source of large amounts of
by-products which are poorly valorized. We have previously shown that alkaline treatment
of this seaweed could extract some original components such as low molecular weight
carbohydrates. In this study, the alkaline solution obtained from the industrial process was
recovered, neutralized and dried. Afterwards, it was analyzed for its chemical composition.
It is characterized by a quite high content of minerals representing 44% of DW, Na being
the main element (140 mg g−1 DW) which could be explained by the NaOH solution used
for alkaline treatment. K content reached 40 mg g−1 DW probably due to the marine
provenience of the alga, NaCl and KCl being very present salts of seawater. The high level
of the S element (86 ± 6.4 mg g−1 DW) might be due to the neutralization of the by-product
by sulfuric acid before lyophilization. Among organic compounds, carbohydrates are
the most represented, their content reached 125.4 mg g−1 DW. They could be extracted
from algal cell wall during the alkaline treatment; the cell wall is known to be rich in
polysaccharides such as agar (a galactan) and cellulose (in lower quantity) [31]. Among
them, uronic acids represent only 9.3%. This value might also be overestimated because of
the important concentration in salts of the by-product which interfere with the colorimetric
assay. Nevertheless, previous studies showed the presence of uronic acids (a little more than
20%) in the sugar composition of polysaccharides extracted from red algae of the Gelidium
genus [32,33]. Protein and phenolic compounds are minor components, representing 16.9
and 7.7 mg g−1 DW, respectively.

The ability of SL35 to induce defense responses in plant was firstly studied in controlled
conditions on tomato plantlets. A significant three-fold increase in peroxidase specific
activity was observed for concentrations of 50 and 1000 mg SL35 L−1 (Figure 1) as compared
with the control. This biomarker is often used to evaluate the plant response and 2-3-fold
increases in specific activity have previously been described [19,34,35]. Indeed, peroxidase
is involved in hydrogen peroxide detoxification and in the synthesis of lignin (PR9). PAL-
specific activities also increased, by about a factor of two, when tomato plants were treated
with 10 or 50 mg SL35 L−1 as compared with the control. The same trend has already
been observed, for example, in soybean treated with algino-oligosaccharides [36]. As PAL
transforms phenylalanine into trans-cinnamic acid, a precursor of phenolic compounds,
this enzyme contributes to the cell wall thickening. The phenolic compounds also possess
antimicrobial activity. Concerning callose, the minimum concentration of SL35 needed
to significantly induce an increase in callose content is 50 mg L−1. Induction of callose
deposition has also been described as a plant defense against pathogens [37] since it can
reinforce the plant cell wall structure and so diminish the ability of some pathogens to attack
plant cells [38]. From data presented in Figure 1, it can be concluded that SL35 can induce
the plant defense responses, notably the three biomarkers chosen in this study (peroxidase
and PAL activities and callose content) at an optimal concentration of 50 mg L−1.
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In the literature, elicitors are able to induce plant defense responses even if the plant
is not subjected to a pathogen attack [34,36]. Laminarin, used here as a positive control,
did not induce any significant increase in PAL and peroxidase activities in absence of
pathogen; only callose formation was stimulated in comparison with the control. PAL
activity significantly increased after pathogen inoculation in plants treated with laminarin,
exemplifying the priming process already described for this elicitor [39]. Unfortunately,
to our knowledge, data on peroxidase activity in plants treated with laminarin are not
available so far in the literature. In the case of SL35, the increased response of defense
biomarkers was confirmed with PAL and callose levels, even if the plants were not first
inoculated; concerning peroxidase, even if a slight increase was observed, it was not signif-
icant in comparison with control. Concerning this activity, the presence of the pathogen
seems to be necessary to fully express the potential of SL35. Therefore, SL35 treatment
seemed to be efficient, also as a preventive tool designed to help the plant to resist the
pathogen attack.

When biological activities are considered at the molecular level, i.e., the regulation of
expression of defenses genes (some PR proteins and PAL-encoding genes), a strong increase
in PR2 gene expression was observed after laminarin treatment, but only after inoculation.
This result is equivalent to previously reported data [30,40]. Since this gene encodes a
β-1,3-glucanase, this activation could be implied in the destruction of the fungus cell wall.
SL35 treatment was also able to induce an activation of the PR2 gene after inoculation, even
if our results are not statistically significant.

PR8 encodes a type III chitinase, which is responsible for the hydrolysis of chitin, a
polysaccharide of fungal cell walls. Concerning PR8 gene expression in laminarin-treated
plants, the profile was equivalent to what was observed with PR2 gene. Indeed, Xin
et al. [41] have reported an increase of total chitinase activities in green tea leaves two days
after laminarin spraying. And, more recently, Borba et al. [40] signaled a significant
increase in wheat chitinase activity after laminarin treatment. SL35 was also able to induce
an increased expression of the PR8 gene, whether the plants were inoculated or not.

The PR9 group peroxidases are specific enzymes that only intervene in cell wall
thickening [42,43]. The expression profile for this PR group is similar in laminarin- and
SL35-treated tomato plants, i.e., both treatments led to a statistically significant repression
in absence of pathogen inoculation, while presenting an induction when plants were first
inoculated. This induction is strongly marked and statistically different from control in
presence of SL35. Despite of that, many studies did report increases in H2O2 content
consecutive to laminarin treatment [44,45] but, to our knowledge, the peroxidase (H2O2
detoxifier) gene expression has not been recorded yet after treatment with laminarin.
However, a closely comparable result has been reported with poplar cells treated with
laminarin [46]. The authors observed a peak of expression of the peroxidase gene 10 h
after treatment, as revealed by Northern blot analysis. Since our assay was done 24 h after
inoculation (day 9), the maximal expression might not be revealed. The marked expression
induced by SL35 in presence of pathogen may explain the increase observed in peroxidase
activity at day 15, which was 10 days after the last treatment (Figure 2).

PR14 encodes lipid transfer proteins implicated in the reinforcement of cutin and might
also have a direct effect on the pathogen by inducing its membrane permeabilization [47].
The weak induction of PR14 by SL35 treatment of tomato plants after inoculation with the
pathogen needs to be confirmed.

PR15 encodes oxalate oxidase-type proteins. Expression of this gene has been found to
increase in tomatoes infected with B. cinerea strains [27]. The only treatment which induced
a significant increase of the PR15 gene expression is laminarin after inoculation with the
pathogen. Data concerning this PR do not allow us to deduce any effect of SL35 on the
expression of its gene, but we cannot exclude that oxidative stress might be a defense
response of the plant. A quantification of the H2O2 content of leaf tissues might give an
answer to this question.
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The PAL gene expression after laminarin treatment presents a profile suggesting a
priming process according to the enzymatic activity shown in Figure 2, despite an absence
of significant results about the expression of this gene. SL35 treatments do not induce any
change in PAL gene expression. Keeping in consideration the enzymatic activities assayed
at day 15, maybe the timelapse for the characterization of the gene expression, i.e., day 9,
was not optimal.

To assess the efficiency of SL35 to stimulate the defense mechanisms of plant cells
in order to make the plant more resistant to pathogen attack, a field trial conducted on
grapevine artificially inoculated with P. viticola was designed. Laminarin treatment was
efficient to reduce the severity of the symptoms on leaves and on bunches with an efficacy
of 38 and 71%, respectively. The SL35x7 treatment showed a similar activity (59% on
bunches and 41% on leaves). These effects could be explained by the results showing the
activation of some markers of plant defense implied either in cell wall reinforcement (callose,
peroxidase, PAL), or in the direct attack against the pathogenic fungus (PR2 and PR8). The
optimal spray concentration of SL35 estimated in field conditions was 350 mg L−1. This
is seven-fold higher than during the experiment in controlled conditions, but the field
conditions might reduce the biological activity, due to partial drift during spraying, or
leaching by rainwater. This optimal concentration led to an equivalent dose of 88 g of SL35
per ha which is in line with agricultural practices. Since downy mildew symptoms have
been not fully eliminated by SL35 treatment, the use of synthetic pesticide could be useful
under strong pathogen pressure. However, the integration of SL35 with synthetic products
at low doses could be considered in integrated pest management strategies. In order to
progress in the comprehension of the biological activity of SL35, a more detailed chemical
composition has to be established to ascertain which component(s) is (are) responsible for
the stimulation of the plant defenses.

5. Conclusions

The results of this study show that a raw alkaline extract of the red alga G. sesquipedale
might be considered as a new promising plant defense stimulator. Further studies will be
focused on the evaluation of the properties of some components of this crude extract, in
particular carbohydrates, since oligosaccharides have been shown to elicit plant defense
responses. These data would be of interest in the comprehension of the mode of action of
this seaweed-originated by-product and could provide enhanced value to the economic
sector of agarophytes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8100958/s1, Table S1: Photographs of vine plants taken
on 23 June 2020 showing the symptoms of infection by Plasmopara viticola on grapes and leaves.
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Abstract: Managing soil-borne pathogens is complex due to the restriction of the most effective syn-
thetic fungicides for soil treatment. In this study, we showed that seed priming with Jania adhaerens
water-soluble polysaccharides (JA WSPs) was successful in protecting tomato plants from the soil-
borne pathogens Rhizoctonia solani, Pythium ultimum, and Fusarium oxysporum under greenhouse
conditions. WSPs were extracted from dry thallus by autoclave-assisted method, and the main func-
tional groups were characterized by using FT-IR spectroscopy. WSPs were applied by seed treatment
at 0.3, 0.6 and 1.2 mg/mL doses, and each pathogen was inoculated singly in a growing substrate
before seeding/transplant. Overall, WSPs increased seedling emergence, reduced disease severity
and increased plant development depending on the dose. Transcriptional expression of genes related
to phenylpropanoid, chlorogenic acid, SAR and ISR pathways, and chitinase and β-1,3 glucanase
activities were investigated. Among the studied genes, HQT, HCT, and PR1 were significantly upreg-
ulated depending on the dose, while all doses increased PAL and PR2 expression as well as β-1,3
glucanase activity. These results demonstrated that, besides their plant growth promotion activity,
JA WSPs may play a protective role in triggering plant defense responses potentially correlated to
disease control against soil-borne pathogens.

Keywords: biological control; Jania adhaerens; water-soluble polysaccharides; seed priming; soil-borne
pathogens; plant-induced resistance; tomato; FT-IR

1. Introduction

Jania adhaerens (J.V. Lamour) (JA) is a red calcareous macroalga belonging to the Coral-
linaceae family of the Corallinales order, Planta kingdom. The genus Jania is widely present
on the Mediterranean and Atlantic coasts [1], and in the Pacific, the Caribbean, and Gulf
of Mexico coasts of North and Central America [2]. The typical red color is due to phy-
coerythrin, the major pigment in red algae [3]. The cell wall of JA is particularly rich in
carbohydrates similar to other marine macroalgae [4]. Sulfated galactans are the main
polysaccharides constituting the cell walls of most red seaweeds and are also produced by
the Corallinales order including JA [1,5]. It has been reported that polysaccharides are rich
in functional groups able to bind to some microelements and metal ions having an impor-
tant role in plant growth [6]. Furthermore, polysaccharides are well-known potent elicitors
of plant resistance to fungi, bacteria and viruses, and abiotic stresses [4,7]. The elicitor-
induced host response involves the activation of complex signaling cascades followed
by the synthesis of defense signaling molecules such as salicylic acid, jasmonic acid, and
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ethylene that activate the SAR and ISR metabolic pathways. Accordingly, several antimi-
crobial compounds such as phytoalexins, and pathogenesis-related proteins accumulate in
elicited plants [8,9].

Soil-borne organisms are characterized by a subterranean part of their life cycle [10].
This definition encompasses many types of organisms such as bacteria, oomycetes, fungi and
nematodes, amongst which some species are plant pathogens. Among the most important
soil-borne pathogens that cause economic losses in horticulture, there are the oomycete
Pythium ultimum and the fungi Rhizoctonia solani and Fusarium oxysporum. Pythium ultimum
is a common inhabitant of fields, ponds, streams, and decomposing vegetation worldwide.
This oomycete forms hyphae (without septa), oospores, and sporangia which are capable
of long-term survival [11]. Mycelia and oospores in the soil can initiate infections of
seeds or roots, leading to wilting, reduced yield, root rot, and mortality on >300 diverse
hosts [12]. Rhizoctonia solani (multinucleate) is a collective species consisting of several
unrelated strains, divided into anastomosis groups (AGs), differing in their host range
and pathogenicity [13]. Species do not produce spores but are composed of hyphae and
sclerotia, living in soil or on organic debris. Symptoms vary according to the host and the
plant part affected: damping-off of seedlings is probably the most common disease, but
also root and stem rots, stem cankers and fruit rot can occur [14]. Fusarium oxysporum is a
species complex that comprises a multitude of saprophytic strains that grow and survive
on organic matter in soil and the rhizosphere of many plant species. Some species are
pathogenic to plants: spores germinate, and the hyphae penetrate the roots causing either
root rot or vascular wilt diseases. Pathogenic species show a high level of host specificity,
so they are classified into more than 120 formae speciales and races [15,16]. Symptoms
include vein clearing and leaf epinasty, followed by stunting, yellowing of the lower leaves,
progressive wilting, defoliation, and, finally, death of the plant. In addition, the vascular
tissue turns brown due to fungal colonization [17].

Managing the control of soil-borne pathogens is problematic, because of the prohibi-
tion or restriction on the use of the most effective synthetic fungicides for soil treatment,
according to Reg. (EC) No. 1107/2009. This regulation establishes the principles of inte-
grated pest management and gives priority to eco-friendly alternatives wherever possible
to ensure a high level of protection of human and animal health and the environment.
Therefore, soil-borne disease management is now directed towards sustainable strategies
such as the use of antagonistic microorganisms and opportune agronomic techniques.
Other control means that have shown some efficacy against several plant pathogens in-
clude plant extracts and plant essential oils. Indeed, many plant secondary metabolites,
such as phenols, are bioactive substances with a defensive role against biotic stresses [18].
Several plant extracts showed some activity against tomato soil-borne pathogens following
different kinds of applications. For example, extracts from Calotropis procera Thymus vulgaris,
Eugenia caryophyllata, Syzygium aromaticum, Stevia rebaudiana, and Allium tuncelianum applied
by root dipping or in soil/growing substrate effectively reduced F. oxysporum wilt disease in
tomato and enhanced plant growth parameters [19–23]. Still, in tomato, Rhizoctonia solani root
rot was reduced by a clove extract and by extracts from Monsonia burkeana and Moringa oleifera
applied by soil treatment [24,25].

Concerning seed treatment, the application of plant extracts might be an important
tool for priming seeds against soil-borne pathogens, as well as triggering the plant defense
and improving the overall performance of the plant [26]. Moreover, seed treatments require
lower amounts of products than those required for soil irrigation or root soaking. Very
few scientific papers report results with plant extracts against tomato soil-borne pathogens
in in vivo experiments. An extract of Ocimum basilicum is an example of seed treatment
effective against F. oxysporum in tomato [27].

As far as we know, studies regarding the use of JA extract for the control of soil-borne
pathogens are very limited. This species has been primarily studied for its priming effects
on tomato seeds against the soil-borne pathogen R. solani [26]. Among algal compounds,
polysaccharides have been reported to be effective in stimulating biological activities which
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play an important role as inducers of plant resistance. Indeed, they increased the activity of
various defense-related enzymes such as chitinase, β-1,3-glucanase, peroxidase, polyphenol
oxidase, phenylalanine ammonia-lyase, and lipoxygenase [28–31]. Usually, the methods
in use for polysaccharides extraction are hot water alone or combined with autoclaving,
microwaving, and ultrasonication [32–35], alkaline or acidic solutions, and enzymatic
treatments [36,37]. These methods appear to influence the characteristics of the extracted
polysaccharides [38]. In a study conducted with an aqueous extract of JA at 50 ◦C under
overnight agitation, a considerable reduction in disease severity was detected, as well as
an increased seedling dry weight, stem caliber, plant chitinase activity, and deposition of
lignin in root tissues [26].

To the best of our knowledge, there are no studies on water-soluble polysaccharides
(WSPs) extracted from JA by the autoclave-assisted procedure. It was hypothesized that
these polysaccharides possess enhanced bioactivity potentially useful in controlling the
soil-borne pathogens R. solani, P. ultimum, and F. oxysporum. For this purpose, we used
the tomato as a model plant, since it is an important economic crop. For the first time,
the test was performed by seed treatment with JA WSPs for pathogen control and the
elicitation of plant defense responses was also evaluated. The purpose of this paper meets
the Sustainable Development Goals (SDGs) of the 2030 Agenda, which is based on positive
and immediate benefits for both agriculture and the environment.

2. Materials and Methods

2.1. Alga and Preparation of the Water-Soluble Polysaccharides

The alga JA was provided by the Spanish Bank of Algae (BEA), University of Las
Palmas de Gran Canaria, Spain. The alga was harvested at Bocabarranco beach, Las Palmas,
East coast of Gran Canaria, washed in fresh water, and dried using an air heating drying
system (B. Master, Tauro Essiccatori Srl, Camisano Vicentino, VI, Italy) at 65 ◦C for 24 h. The
dry thallus was then ground to a fine powder with a mortar and pestle. A total of 10 mg
of dry thallus was suspended in 10 mL of sterile distilled water, autoclaved for 20 min
at 100 ◦C, 1 bar, and then centrifuged 3 times at 5000 rpm for 20 min (Beckman Coulter
Allegra 21R centrifuge, Inc., Krefeld, Germany). The supernatant was filtered through a
0.45 μm syringe filter, frozen at −80 ◦C, and then lyophilized until experiments. The yield
related to the WSPs was calculated according to [39] with modifications: (WSPs g/dry
thallus g) × 100.

In all experiments, the JA WSPs were used at three concentrations, 0.3, 0.6, and
1.2 mg/mL, prepared by serial dilution (1:2) with sterile distilled water. A commercial
product containing laminarin (45 g/L) was used at the recommended dose of 2 mL/L
(0.09 mg laminarin/mL) as a reference treatment (RT).

2.2. FT-IR Analyses of the Extract

The FT-IR spectra of WSPs from JA and of the commercial product based on laminarin
were performed by using a Bruker Tensor FT-IR instrument (Bruker Optics, Ettlingen,
Germany) equipped with an accessory for analysis in micro-Attenuated Total Reflection
(ATR). The sampling device contained a microdiamond crystal, a single reflection with an
angle of incidence of 45◦ (Specac Quest ATR, Specac Ltd., Orpington, Kent, UK). Spectra
were carried out from 4000 to 400 cm−1, with a spectral resolution of 4 cm−1 and 64 scans.
Background spectra were also taken against air under the same conditions before each
sample. Spectra were handled with the Grams/386 spectroscopic software (version 6.00,
Galactic Industries Corporation, Salem, NH, USA).

2.3. Plant Material and Pathogens

The tomato cv. Marmande (L’Ortolano, Savini Vivai, Italy) was used as a model plant
because it is among the crops that are most responsive to priming [40] and has already been
tested for priming with a JA water extract [26].

78



Horticulturae 2022, 8, 746

The fungi R. solani DAFS3001 (RS) and an isolate belonging to F. oxysporum species
complex DISTAL2019 (FO) of the collection of the Department of Agricultural and Food
Sciences, University of Bologna, and the oomycete Pythium ultimum 22 (PU) belonging to
the collection of the Council for Agricultural Research and Economics (CREA), Research
Centre for Agriculture and Environment of Bologna, Italy, were used in this study. All the
pathogen isolates were maintained on Potato Dextrose Agar (PDA, 3.9%) medium in tubes
at 4 ◦C until use.

2.4. Seed Treatment and Growing Substrate

The seeds were treated by immersion in a 1000 μL aliquot of JA WSPs at 0.3, 0.6, and
1.2 mg/mL and of the RT (2 mL/L) overnight at room temperature in the dark [41] (with
modifications). Sterile distilled water was used as a control. After the treatment, seeds
were firstly washed with sterile distilled water to remove any treatment residues and then
were left to dry on sterile filter paper in a laminar air flow hood for 10 min and then sown
in a sterile peat/sand mix (7/3; weight/weight) used as a growth substrate. The different
concentrations of JA WSPs were first tested for their effect on seed germination and seedling
emergence by blotting paper and greenhouse assays, respectively. For the blotting paper
assay, seeds were firstly surface sterilized with NaOCl water solution (2.5%) for 2 min,
rinsed three times, and treated as above described with JA WSPs at 0.3, 0.6, and 1.2 mg/mL,
RT at 2 mL/L, and water (control). Then, 10 seeds were sown on wet sterile paper inside
sterile glass tubes (20 cm height, 2.7 cm diam.) and vertically incubated at 24–25 ◦C for
48 h in a growth chamber with a 12 h/12 h day/night photoperiod. Tubes were sealed
with a cotton plug to avoid contamination and periodically irrigated with sterile distilled
water. Three tubes were considered for each treatment and the control. After 15 days of
incubation, the germinated seeds were assessed. The experiment was repeated three times
(n = 3). For the greenhouse assay, seeds were treated as above described. A total of 50 seeds
were sown in the growing substrate in a plastic pot (13.5 × 11.5 × 7.5 cm), with 3 pots per
treatment and the control, and then incubated under greenhouse conditions at 24–26 ◦C
(day), 20–22 ◦C (night), with a 12 h/12 h day/night photoperiod, 70% relative humidity.
The seedling emergence was assessed every 3 days from the 6th day after sowing (DAS)
until 15 DAS.

2.5. Systemic-Induced Resistance Bioassays in Greenhouse Pot Experiments
2.5.1. Rhizoctonia solani (RS) and Pythium ultimum (PU)

A bioassay was set up to test the effectiveness of the seed treatment with the JA WSPs
in inducing defense response in the tomato plants against R. solani and P. ultimum. The
substrate was inoculated with each pathogen singly before the seeding. For inoculation,
10-day-old colonies of RS or PU grew on a PDA medium were homogenized in sterile dis-
tilled water with a kitchen blender and then mixed with the substrate (2% weight/weight,
pathogen/substrate). The inoculated substrate was covered with a black plastic film
and incubated at 25 ◦C for 2 days in the greenhouse and then distributed in plastic pots
(13.5 × 11.5 × 7.5 cm). A total of 50 seeds treated, as described above, with 0.3, 0.6, and
1.2 mg/mL of JA WSPs or with 2 mL/L of RT were sown in each pot inoculated with RS or
PU. Seeds treated with water and sown in substrate infected with each pathogen were used
as a positive control (C+), while seeds treated with water and sown in growing substrate
not infected were used as a negative control (C-). Three pots per treatment and the con-
trols were considered. Plants were grown under greenhouse conditions at 24–26 ◦C (day),
20–22 ◦C (night), with a 12 h/12 h day/night photoperiod, and 70% relative humidity.

The effect of treatment against RS and PU was assessed by recording seedling emer-
gence over time from 6 days after sowing (DAS) until 10 DAS. To determine disease
symptoms, and plant and root length, 20 DAS seedlings were carefully removed.

For RS, disease severity was visually evaluated as root necrosis symptoms by using
a five-point scale modified from [26], where: 0, absence of necrosis (0% of symptoms);
1, very slight root necrosis (up to 5% of root with symptoms); 2, slight necrosis (6–20% of
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root with symptoms); 3, moderate root necrosis (20–50% of root with symptoms); 4, severe
root necrosis (51–70% of root with symptoms); 5, severe root and crown necrosis (>70% of
root with symptoms).

For PU, disease severity was measured on the whole plant using a visual disease
assessment scale based on [42] with modifications, as follows: 0 = no visible disease
symptoms; 1 ≤ 20% moderate level of general decay; 2 = extensive general decay, and
with an obvious reduction in overall plant development (but <50% of root system missing);
3 = very severe levels of general decay associated with an extensive reduction in overall
roots (>50% root system missing); and 4 = dead plant.

Each experiment was repeated three times (n = 3).

2.5.2. Fusarium oxysporum (FO)

The bioassay with JA WSPs against FO was carried out by transplanting tomato
plantlets into a substrate previously inoculated with the pathogen. Firstly, JA-WSPs-treated
seeds, the RT-treated seeds, and the water-treated control were sown in alveolate trays
filled with non-inoculated substrate and grown under the same greenhouse conditions
cited above until the second true leaf stage. After 20 days of incubation, plantlets were
carefully removed and transplanted (3 plantlets/pot, 16 cm diameter) into the inoculated
substrate (2% weight/weight, pathogen/substrate) prepared as reported for RS and PU.
Plantlets from water-treated seeds transplanted in substrate infected with FO were used as
a positive control (C+), while plantlets from water-treated seeds transplanted in the not
infected substrate were used as a negative control (C-). Three pots per treatment and the
controls were considered. Plants were grown under the same greenhouse conditions.

Disease severity was evaluated 20 days after the transplant (DAT) by using a 6-point
scale based on [43], where: 0, plant without disease symptoms; 1, very slight wilt (mild
chlorosis on lowest leaves only); 2, lower leaves dead and some upper leaves wilt slight
chlorosis; 3, lower leaves dead and some upper leaves wilted; 4, lower leaves dead and
severe wilt of upper leaves; 5, dead plant. The experiment was repeated three times (n = 3).

2.6. Expression of PR Protein and Polyphenol Pathway Genes and Enzymatic Activities

Seeds treated with 0.3, 0.6, and 1.2 mg/mL of JA WSPs, 2 mL/L of RT, or water
(control) as above described were sowed in the not-infected substrate in plastic pots
(13.5 × 11.5 × 7.5 cm), and incubated under greenhouse conditions at 24–26 ◦C (day),
20–22 ◦C (night), with a 12 h/12 h day/night photoperiod, and 70% relative humidity. A
total of 50 seeds were sown in each pot, with 6 pots per treatment, and the control. The
6 pots per treatment and the control were randomly divided into two groups of 3 pots each:
one group (G1) was used for gene expression analysis, and the other group (G2) was used for
enzymatic activity assays; 20-day-old plantlets randomly chosen from each group pot were
gently removed from the substrate, washed with tap water, and dried on filter paper. The
plantlets from pots within each treatment were pooled together and snap-frozen in liquid
nitrogen. Frozen tissues were then finely ground by using a pre-chilled mortar and pestle.

2.6.1. Expression of PR Protein and Polyphenol Pathway Genes

Cellular RNA was extracted from G1 ground frozen tissues with RNAeasy Plant
Mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The
RNA pellets were quantified by using a spectrophotometer (Nanovue, GE Healthcare Life
Sciences, Buckinghamshire, UK), and the same amount of total RNA (250 ng) was reverse-
transcribed by using PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara, Kusatsu,
Japan). The cDNA mixture (2 μL) was used in real-time PCR analysis in a LightCycler
instrument (Roche Molecular Biochemicals, Basel, Swiss) using the TB Green Premix Ex
Taq II (Takara). The following PCR conditions were used: activation of HotStart Taq
DNA polymerase at 95 ◦C for 10 s, amplification (40 cycles: 95 ◦C for 5 s followed by
appropriate annealing temperature for each target, as detailed below, for 20 s). Gene
expression levels were calculated by the ΔΔ cycle threshold (Ct) method. The amount of

80



Horticulturae 2022, 8, 746

mRNA was normalized to Actin-7 expression as a housekeeping gene in each sample. The
sequences of primers (from Merck) are shown in Table 1. Finally, melting curves were
evaluated to check amplicon specificity.

Table 1. Primer sequences used in PCR amplification.

Gene Names Forward Reverse Annealing T (◦C)

Actin-7 GGGATGGAGAAGTTTGGTGGTGG CTTCGACCAAGGGATGGTGTAGC 61
PAL5 CACTGTAAGCCAAGTAGCCAAA CTGCAGGGGTCATCAGCATA 59
HCT CGGACGTTACCATCACTGGA AAGGAGGACTCAGTAGCTTTG 59
HQT GGTGTTTTGTTTGTTGAGGCTG GACTCCGCCACACTTGAAAC 59
FLS GATTTGGCCTCCTCCTGCTA TCCAAACCAAGCCCAAGTGA 59

PR1a AGGATGCAACACTCTGGTGG GCACAACCAAGACGTACCGA 60
PR2 GGTGGATCCAATTCGCAAGC ACCTGAGAACCCACCAGACT 59
PR3 AGAGTTCCAGGGTACGGTGT CCAATTCGACTTTCCGCTGC 59
PR4 GATGCTGACAAGCCTCTGGA CCCTCAAGCATCTACCGCAT 59

2.6.2. Chitinase and β-1,3-Glucanase Activities

Ground frozen tissues from the G2 group (§ 2.6) were used for protein extraction with
20 mM sodium acetate buffer pH 5.2 (1 mL/g of fresh weight) added with polyvinylpolypyrroli-
done (1%) from Sigma-Aldrich (St Louis, MO, USA) under continuous gentle stirring at 4 ◦C
for 90 min [44]. The protein crude extract was centrifuged twice at 12,000 rpm for 20 min at
4 ◦C, and then the supernatant was filtered using a GV Millex® Syringe Filter Unit (pore size
0.22 μm, Millipore Corporation, Burlington, MA, USA). Protein concentration was deter-
mined at the spectrophotometer (Tecan NanoQuant, Infinite M200PRO, Tecan Trading
AG, Männedorf, Swiss) by the protein–dye-binding Bradford method [45] in a 96-well
microplate (Greiner CELLSTAR®, Merck KGaA, Darmstadt, Germany), by using bovine
serum albumin (Bio-Rad Laboratories, Inc., Segrate, Italy) as the standard.

For both chitinase and glucanase activities, the plate assay with modification was
used [46]. For chitinase activity, each sample was assayed in triplicate in agarose gel
(1.5%) containing 0.01% glycol chitin in a glass Petri plate (14 cm diam.). A total of 200 μL
(20 μg of proteins) of each replicate along with chitinase standard (Streptomyces griseus
(Sigma-Aldrich St Louis, MO, USA), were added to 7 mm-diameter wells cut in the agar.
After incubation at 37 ◦C for 24 h, 50 mL of 500 mM Tris–HCl (pH 8.9) containing 0.01%
fluorescent brightener was added to each plate for 2 h. The plates were rinsed three times
with distilled water, flooded with distilled water overnight in the dark, and then observed
under a 302 nm UV light source to visualize non-fluorescent lytic zones corresponding to
the enzyme activity on a fluorescent background. Images of gels were taken with a digital
camera, then the light intensity/mm2 chitinase activity lytic zone was calculated with the
Quantity One 1-D analysis software v. 4.6.6 (Bio-Rad Laboratories Inc., Hercules, CA, USA).
The specific chitinase activity was expressed as units. One unit corresponds to the mg of
N-acetyl-D-glucosamine released/h/mg of protein in comparison to the standard.

For β-1,3-glucanase activity, 200 μL (20 μg of proteins) for each sample, in replicates
of 3, was added to 7 mm-diameter wells in a 1.5% agarose gel containing 0.5 mg/mL
laminarin (from Laminaria digitata, Sigma Aldrich St Louis, MO, USA) in a 14 cm-diameter
glass Petri plate. As a standard, β-1,3-D-glucanase (from Helix pomatia, Sigma Aldrich)
was used. After incubation at 37 ◦C for 24 h, 50 mL of 2,3,5-triphenyl tetrazolium chloride
(0.15% in NaOH 1M) was added to each plate. The pink lytic zones on a white background
corresponding to the glucanase activity were visible after further incubation at 37 ◦C for
30 min. Images of gels were taken and processed by the Quantity One 1-D analysis software
as above described for chitinase activity. Glucanase activity was expressed as units. One
unit corresponds to the release of 1 μmol of glucose from laminarin/min in comparison to
the lytic zone of the standard.

Each assay was repeated three times (n = 3).
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2.7. Statistical Analysis

All experiments were arranged according to a complete randomized design. All data
were analyzed by ANOVA, and, if the p-value was less than 0.05, the means were separated
by the LSD test (p < 0.05). All analyses were performed with GraphPad Prism software,
San Diego, CA, USA, version 5.01.

3. Results

The content of crude WSPs extracted from JA was 6% of JA dry thallus.

3.1. FT-IR Analyses

The spectroscopic profiles of JA WSPs and RT samples are shown in Figure 1.

Figure 1. FT-IR spectra of Jania adhaerens water-soluble polysaccharide (black line) and RT a commer-
cial product based on laminarin (green line).

Both samples showed, in the range from 4000 cm−1 to 2000 cm−1, a broad intense
band at 3309 cm−1 assigned to OH stretching, a shoulder at 2940 cm−1 in JA polysaccha-
ride, and 2917 cm−1 in RT assigned to CH2 asymmetric stretching in methylene chain,
respectively. Conversely, RT exhibited a strong band at 2885 cm−1 due to CH3 symmetric
stretching vibration very close to the oxygen atom [47]. In the range from 1800 cm−1

to 1220 cm−1, both spectra differed in their functional groups: JA WSPs displayed two
strong bands at 1594 cm−1 and 1410 cm−1 assigned to asymmetric and symmetric stretch-
ing motions in carboxylate of alduronic acids such as guluronic acid or mannuronic acid
(Sterner et al. 2016); by contrast, in RT a small peak appeared at 1640 cm−1, attributed to
the bending vibration of water. This was also observed in the laminarin standard FT-IR
spectrum [48]. As for the CH deformation vibrations, these were in the region between
1465 and 1343 cm−1 of both spectra. Only in JA WSPs, however, did they seem like
weak shoulders. The appearance of the bands in the region 1193–1141 cm−1 is typical of
the glycosidic linkage formation in polysaccharides [49]. Additionally, the bands from
900 to 800 cm−1 region (anomeric region), are used to distinguish the anomeric carbon in
α and β configurations [49]. However, in the RT sample, the band at 840 cm−1 may be
related to the bands at 1200–1280 cm−1, and 1038 cm−1 assigned to S–O and C–O–S stretch-
ing in sulfonyl groups [49]. The bands below 800 cm−1 are related to the carbohydrate
skeletal vibrations [50].
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3.2. Effect of Seed Treatment on Seed Germination and Seedling Emergence

In the blotting paper assay (Figure 2a), the JA WSPs and RT have significantly increased
the seed germination percentage as compared with the water-treated control. No differences
among the JA WSPs concentrations were observed. In the greenhouse assay (Figure 2b), all
JA concentrations and RT treatment significantly improved the seedling emergence over
time with respect to the water treatment (control). At 15DAS, the JA WSPs concentration of
1.2 mg/mL showed the highest percentage emergence (95.0%).

Figure 2. Preliminary assays on the effect of tomato seed treatment with different concentrations
(0.3, 0.6, and 1.2 mg/mL) of Jania adhaerens water-soluble polysaccharides on the seed germination
percentage in blotting paper test (a) and on the percentage of seedling emergence in the experiment
under greenhouse conditions (b). C = water control; RT = reference treatment (2 mL/L); DAS = days
after sowing. In panel (a), columns are mean values of 3 independent experiments (n = 3) ± SD.
Different letters indicate significant differences among treatments and control according to the LSD
test (p < 0.05). In panel (b), each value is the mean of 3 independent experiments (n = 3); different
letters indicate significant differences among treatments and the control within each DAS, according
to the LSD test (p < 0.05).

As the treatments had no adverse effect on either seed germination or seedling emer-
gence, they were further investigated in greenhouse experiments.

3.3. Systemic-Induced Resistance Bioassays in Greenhouse Pot Experiments

The treatment with JA WSPs at all doses increased the seedling emergence percentage
(Figure 3a) in the growing substrate inoculated with RS with respect to the inoculated
control (C/+RS). This was very noticeable and significant from 8DAS until 10DAS. In
particular, at 10DAS 0.3, 0.6, and 1.2 mg/mL doses significantly increased the emergence
percentage with respect to the inoculated control (C/+RS) by 41.9, 52.1, and 46.5%, respec-
tively. No statistical difference was observed between the three doses of JA WSPs and RT,
which increased the emergence by 34.0%.

All JA concentrations significantly reduced similarly the disease severity with re-
spect to the C/+RS by 57.6% on average. The disease reduction obtained with JA WSPs
was not statistically different from RT (Figures 3b and 4). The WSPs significantly in-
creased seedling length by 43.8% on average without differences among concentrations
with respect to C/+RS and similarly to C/-RS and RT (increase by 38.4% vs. the C/+RS)
(Figure 3c). The root lengths of seedlings from seeds treated with JA WSPs were sig-
nificantly greater than that of C/+RS, even though they were smaller than C/-RS. The
concentrations of 0.6 mg/mL significantly increased root length by 25.8% compared to RT
treatment (Figure 3d).
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Figure 3. Effect of tomato seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides on the emergence percentage of seedlings (a), disease
severity (b), plant length (c), and root length (d) in a growing substrate infected with Rhizoctonia
solani (RS). C/-RS = non infected control; C/+RS = infected control; RT = reference treatment
(2 mL/L); DAS = days after sowing. In panel (a), each value is the mean of 3 independent experiments
(n = 3); different letters indicate significant differences among treatments and controls within each
DAS, according to the LSD test (p < 0.05). In panels (b–d), columns are mean values of 3 independent
experiments (n = 3) ± SD. Different letters indicate significant differences among treatments and
controls according to the LSD test (p < 0.05).

Figure 4. Effect of tomato seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides on the disease severity caused by Rhizoctonia solani and
plant growth. RT = reference treatment (2 mL/L); C/+RS = infected control.
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As regards the effect of JA WSPs treatment against PU, Figure 5a shows that all con-
centrations significantly increased the seedling emergence at all DAS with respect to the
inoculated control (C/+PU). Notably, RT treatment was not significantly different from
C/+PU at all DAS. Overall, 0.3 and 0.6 mg/mL gave the highest emergence percentages
from 8 to 10DAS (in average 86.7–90.3%). As regards the effect of the treatments against the
disease, all JA WSPs concentrations and RT significantly reduced the disease index with
respect to the C/+PU (Figure 5b). The highest disease reduction (52.6%) was obtained with
0.6 mg/mL. This concentration was 28% more effective than RT. Plant length was similar
with the three concentrations (30.7, 31.7, and 31.3 cm for 0.3, 0.6, and 1.2 mg/mL, respec-
tively) and higher than C/+PU (16.0 cm), C/-PU (25.3 cm), and RT (23.3 cm) (Figure 5c).
The root length following seed treatment with all doses of JA WSPs was significantly higher
than that of C/+PU and lower than C/-PU. The concentration of 0.6 mg/mL increased root
length more effectively than RT by 40.6%, while the 0.3 and 1.2 mg/mL doses increased
root length as well as RT treatment (Figure 5d).

Figure 5. Effect of tomato seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides on the emergence of seedlings (a), plant length (b) and
root length (c) in a growing substrate infected with Pythium ultimum (PU). C/-PU = non-infected
control; C/+PU = infected control; RT = reference treatment (2 mL/L); DAS = days after sowing.
In panel (a), each value is the mean of 3 independent experiments (n = 3); different letters indicate
significant differences among treatments and controls within each DAS, according to the LSD test
(p < 0.05). In panels (b–d), columns are mean values of 3 independent experiments (n = 3) ± SD.
Different letters indicate significant differences among treatments and controls according to the LSD
test (p < 0.05).

Figure 6 shows the effect of seed treatment with different JA WSPs concentrations
in the case of substrate inoculated with FO on disease severity and plant growth. The
concentrations of 0.6 and 1.2 mg/mL displayed a significant disease index reduction with
respect to C/+FO by 14.3 and 34.7%, respectively (Figure 6a). The highest statistical
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reduction was obtained with the 1.2 mg/mL concentration which was also 28.9% more
effective than RT. Plant length was also increased significantly by 0.6 and 1.2 mg/mL
(Figure 6b). The concentration of 1.2 mg/mL showed the highest plant length (54.7 cm)
with regards to the C/+FO (25.7 cm). This value was even similar to that of C/-FO
(63.0 cm). The three WSPs doses significantly increased root length with respect to the
C/+FO (Figure 6c). The highest increase (228.3% vs. C/+FO) was obtained with the
1.2 mg/mL dose. Plant dry weight showed the highest significant values at 0.6 mg/mL
(0.751 g) and 1.2 mg/mL (0.872 g) (Figure 6d). In particular, the plant dry weight with
1.2 mg/mL dose was significantly similar to that of the C/-FO control.

Figure 6. Effect of tomato seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides on the disease index (a), plant and root length (b,c)
and plant dry weight (d) in a growth substrate infected with Fusarium oxysporum (FO). C/-FO = non
infected control; C/+FO = infected control; RT = reference treatment (2 mL/L). Columns are mean
values of 3 independent experiments (n = 3) ± SD. Different letters indicate significant differences
among treatments and controls according to the LSD test (p < 0.05).

3.4. Expression of PR Protein and Polyphenol Pathway Genes

To shed some light on the molecular mechanisms associated with the induced resis-
tance elicited by JA WSPs, the mRNA expression of pathogenesis-related (PR) proteins
and key enzymes of polyphenol pathways was investigated in plantlets 20 days after seed
treatment with JA WSPs or RT. Figure 7a shows that the transcript levels of phenylalanine
ammonia-lyase (PAL5), a key enzyme in the phenylpropanoid biosynthetic pathway, were
increased by JA WSPs at any concentration employed and similarly to RT. The expression
pattern of two enzymes that are located downstream PAL, i.e., hydroxycinnamoyl CoA
quinate hydroxycinnamoyl transferase (HQT) and hydroxycinnamoyl CoA shikimate hy-
droxycinnamoyl transferase (HCT) was also investigated and illustrated in Figure 7b. Seed
treatment with JA WSPs or RT enhanced the expression level of HQT, while HCT was less
affected. Even the expression of PR proteins involved in the systemic acquired resistance
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(SAR), i.e., PR1A and PR2, was enhanced by JA WSPs and RT (Figure 7c). On the contrary,
we failed to observe an increase in the transcript level of the induced systemic resistance
(ISR) protein, PR3 (Figure 7d), which actually resulted lower after JA WSPs compared to
the control. However, the expression level of PR4, another protein involved in ISR, was
significantly, but slightly increased by JA WSPs 1.2 mg/mL and, more markedly, by RT.

Figure 7. Transcriptional expression levels of phenylpropanoid (a), chlorogenic acid (b), systemic
acquired resistance (c), and induced systemic resistance (d) biosynthetic pathways genes in tomato
plants as a response to seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides. C = control; RT = reference treatment (2 mL/L); PAL5,
phenylalanine ammonia-lyase; HQT, hydroxycinnamoyl CoA quinate hydroxycinnamoyl transferase;
HCT, hydroxycinnamoyl CoA shikimate hydroxycinnamoyl transferase; PR1A, PR2, PR3 and PR4,
pathogenesis-related genes. Columns are mean values of 3 independent experiments (n = 3) ± SD.
Different letters indicate significant differences among treatments and the control according to the
LSD test (p < 0.05).
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3.5. Chitinase and β-1,3-D-Glucanase Activities

Seed treatment with JA WSPs at different concentrations significantly enhanced the
β-1,3-D-glucanase activity of seedlings with respect to the control by 25.3% on average
(Figure 8a). No differences were observed among JA WSPs doses and RT. Chitinase activity
was increased only at the higher dose, 1.2 mg/mL (44.6%), which produced a result similar
to the RT treatment (Figure 8b).

Figure 8. β-1,3-D-glucanase (a) and chitinase (b) activities determined in protein extract of tomato
seedlings following seed treatment with different concentrations (0.3, 0.6, and 1.2 mg/mL) of
Jania adhaerens water-soluble polysaccharides. For β-1,3-D-glucanase activity, one unit corresponds
to the release of 1 μmol of glucose from laminarin/min. in comparison to the standard; for chitinase
activity, one unit corresponds to the mg of N-acetyl-D-glucosamine released/h/mg of protein in
comparison to standard. C = control; RT = reference treatment (2 mL/L). Columns are mean values
of 3 independent experiments (n = 3) ± SD. Different letters indicate significant differences among
treatments and the control according to the LSD test (p < 0.05).

4. Discussion

At present, plant pest control solutions for environmentally sustainable agriculture
are highly recommended by European standards (Reg. EC 1107/2008; Dir. 128/2009). In
particular, soil-borne disease management requires innovative strategies because the most
effective pesticides for soil treatment underwent prohibition or restriction on their use.

Seaweed extracts are a source of several bioactive compounds that have a broad
range of biological activity with a potential role in reducing the need for pesticides in
agriculture [4,28,51–55]. Seaweeds are already widely used in agriculture due to their
content of mineral substances, amino acids, vitamins, and plant growth regulators that
ameliorate plant growth and enhance crop productivity [56,57]. Generally, the algal extracts
are obtained with organic solvents such as methanol, ethanol, and acetone that on the one
hand can optimize the extraction of specific components [55,58], but, on the other hand,
represent a hazard to human health. On the contrary, our previous research showed that
seaweed aqueous extracts that were obtained at 50 ◦C could be a sustainable and effective
alternative to organic solvents to be used in plant disease management [26,59]. In particular,
the study by [26] highlighted the potential of JA applied by seed priming technique for the
control of R. solani on tomato plants and has led us to further research on this issue.

Seed priming is an alternative, low-cost, and feasible technique that involves seed
imbibition with a low amount of water and various priming agents, such as osmoregulators,
salts, plant growth regulators, beneficial microorganisms, magnetic waves, nanoparticles,
and macro- and micronutrients, that allow the advancement of metabolic processes helping
plants to overcome biotic and abiotic stress [60,61].

With the present study, we have demonstrated that JA WSPs could be a new potential
tool for the control of the soil-borne pathogens R. solani, P. ultimum, and F. oxysporum in
tomato by seed treatment. Moreover, we have highlighted that JA WSPs seed treatment may
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elicit plant defense responses likely involved in pathogen control. Although crude polysac-
charide extracts from microalgae have previously been reported to induce immunity in
plants [62], seed priming with JA WSPs is the first case study. FT-IR analysis demonstrated
that JA WSPs differed in functional groups from laminarin used as reference treatment (RT).
JA WSPs were characterized by typical carboxylate bands (1594 cm−1 and 1410 cm−1), most
likely related to uronic acids. Our results are in agreement with those by Hentati et al. [1],
who found uronic acids in the amount of about 6% in J. adhaerens. Moreover, ref. [62] found
uronic acids in the red alga Porphyridium sp. Furthermore, based on their composition in
functional groups, a structure–bioactivity relationship can be speculated. As a consequence,
we can infer that carboxylate groups contributed to the anionic properties of JA WSPs,
probably promoting interactions with other molecules capable of triggering several bio-
chemical processes in treated tomato seeds. Indeed, polysaccharides are perceived in the
plant as ‘danger’ molecules similar to what happens during the first interaction between a
pathogen and the plant at the level of the cell wall and the plasma membrane [63]. To high-
light the potential induced resistance effect by JA WSPs, treated seeds were water-washed
after soaking, to remove any extract residues that could have a direct antifungal effect.
Polysaccharides such as laminarin were reported to exert an antigerminative effect against
the conidia of some fungi [64,65]. The polysaccharides extracted from JA might explain
the elicitation of plant physiological responses against pathogens with the improvement of
seedling emergence and plant growth, which may have concurred to the disease reduction.
It is well known that the extracellular matrix of red seaweeds contains sulfated galactans as
major components [66–70] which are elicitors of plant defense responses, as in the case of
Phytophthora nicotianae on tobacco plants [7].

The seed treatment with JA WSPs showed a biostimulant-like effect in the preliminary
assays since it increased seed germination and seedling emergence. Similarly, increases
in germination were observed for tomato seeds treated with a different aqueous extract
from the same red alga without pathogen challenge [26]. A biostimulant effect on plants
was obtained with red alga extract applied by spraying and soil treatments as in the case
of J. rubens on chickpea and maize [71,72] and by a foliar application with the red alga
Kappaphycus alvarezii on wheat [73,74].

In the present study, the increase in the emergence rate was also obtained in response
to the R. solani and P. ultimum challenge; indeed, JA WSPs at all doses increased the
seedling emergence from 7DAS and 6DAS up to the last assessment, respectively. The plant
growth promotion by the extract in the substrate inoculated with R. solani, P. ultimum and
F. oxysporum was also observed in terms of plant and root length.

It is likely that the disease control is correlated with the plant growth promotion
obtained with WSPs in substrates inoculated with each pathogen. All the concentrations
reduced disease severity and increased both seedling and root length in a similar way,
without showing a dose-dependent response. However, the 1.2 mg/mL concentration was
the most effective in reducing F. oxysporum disease severity. We hypothesize that the disease
control exerted by JA WSPs is due to the induction of plant defense responses, as shown by
the increase in plant chitinase and glucanase activity observed and by the transcript levels
of defense genes. This is in line with [75], who found a correlation between F. oxysporum
disease control and the induction of plant defense responses by applying an extract of the
brown alga Ascophyllum nodosum to cucumber plants. Chitinases and β-1,3-glucanase are
enzymes constitutively produced by plants during their growth [76,77]. Some chitinases
accumulate during their developmental program, in seeds of several species, while others,
called defense enzymes, are produced as a response to a microbial attack or wounding [76].
During seed germination, both chitinases and β-1,3-glucanase are particularly important
because seeds are exposed to soil-borne pathogens and the embryo becomes vulnerable to
pathogen attack when the radicle crosses the endosperm tissue. Our findings showed that
seed treatment with JA WSPs may have contributed to increasing the synthesis of chitinases
and β-1,3-glucanase making the plant protected against pathogen attack. Ghule et al. [78]
demonstrated that the activity of both these defense enzymes was increased in fenugreek
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plants derived from seeds treated with the marine polysaccharide chitosan. Following this
treatment, plants were protected against root rot disease by Fusarium solani.

Two forms of induced resistance are described in response to stimuli that enhance
plant defensive capacity versus pathogens: systemic acquired resistance (SAR), which
involves the accumulation of PR1 and PR2 proteins and induced systemic resistance (ISR),
which involves PR3 and PR4 proteins. According to the results shown in the present
study (Figure 7), SAR response was elicited by JA polysaccharide seed treatment as judged
by the increase in PR1A and PR2 expression. Instead, JA WSPs caused a decrease in
PR3 gene expression, used as a marker of ISR response. It has been reported that crude
polysaccharides extracted from Acanthophora spicifera (another red alga) enhanced rubber
tree defenses against Phytophthora palmivora infection [79]. In accordance with our results,
JA WSPs also induced PR1 and PR2 gene expression but suppressed ISR-related gene
expression. Moreover, we have found an increase in the expression of PAL, known to be
a key enzyme involved in plant development and defense responses to pathogens. PAL
catalyzes the first and committed step in the biosynthesis of phenylpropanoids, which can
give rise to a wide range of secondary metabolites, such as flavonoids and lignin. Among
phenylpropanoid-derived phenolics and flavonoids, chlorogenic acid is known to activate
the SAR pathway [80]. In this regard, we have also found increases in the expression of
HQT and HCT, which are key enzymes of the biosynthetic pathway of chlorogenic acid.

5. Conclusions

Algae are considered an important resource of many biologically active compounds, and
among them are polysaccharides. The chemical characteristics and potential biological proper-
ties make polysaccharides promising for ecological disease management in agriculture. In
particular, seed priming with polysaccharides may be an attractive alternative to conventional
fungal disease treatments. The present study actually shows that tomato seed priming with
water-soluble polysaccharides extracted from the red alga Jania adhaerens increased seedling
emergence and plant development, while reduced disease severity caused by three soil-borne
pathogens, i.e., Rhizoctonia solani, Pythium ultimum and Fusarium oxysporum under greenhouse
conditions. Furthermore, the protective effects were associated with the increased activity
of defense enzymes and increased expression of genes involved in induced resistance and
related pathways. In conclusion, we have described a red algal-based seed treatment that
promotes plant growth and triggers plant defense responses against soil-borne pathogens.

This study may contribute to environmentally sustainable agriculture. However,
there are still some aspects that need further investigation such as standardized protocols
for extraction procedures and the isolation and purification of polysaccharides. These
will help in determining the chemical structure and biological activity of polysaccharides.
Currently, these procedures are limited to lab research and have not yet been applied on an
industrial scale.
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Abstract: Control methods alternative to synthetic pesticides are among the priorities for both organic
and conventional farming systems. Plants are potential sources of compounds with antimicrobial
properties. In this study, the antifungal potentialities of saponins derived from Medicago species and
oat grains and of brassica sprouts have been explored for the control of Verticillium dahliae, a widely
distributed fungal pathogen that causes vascular wilt disease on over 200 plant species. All the tested
plant extracts showed antifungal properties. Such compounds, able to reduce mycelium growth and
conidia formation, deserve deeper in vivo evaluation, even in combination with a delivery system.

Keywords: antifungal compounds; saponins; glucosinolates; polyphenols; Verticillium; conidia

1. Introduction

The priority objectives that fall under the European Green Deal (2019) [1], more
precisely in the From Farm to Fork Strategy (F2F; 2020) and the European Union (UN)
Biodiversity Strategy for 2030 (2020), include the development of organic farming in the EU
and the reduction of pesticides, antimicrobials, and synthetic fertilizers used in agriculture
and animal husbandry. By 2030, member countries will undertake to halve the use of
chemical pesticides, further reducing those most harmful to the environment and human
health and to allocate 25% of UAA (Utilized Agricultural Area) to organic farming.

In recent years, biocontrol products and control measures alternative to synthetic
pesticides, have attracted considerable interest by farmers. Biocontrol is generally defined
as a method for insect, weed, and disease management, using natural enemies and natural
products [2]. Biocontrol tools therefore include live organisms (generally microbes), chemi-
cals of semisynthetic origin and natural substances extracted from plant, animal, or mineral
sources. Among plant-natural products, various classes of secondary metabolites have
been shown to possess potential as biocontrol agents, including saponins, polyphenols,
and glucosinolates.

Saponins are a large family of secondary metabolites found in a wide range of plant
species: their presence has been reported in more than 100 plant families and in some
marine sources, such as starfish and sea cucumbers [3]. They are glycosidic substances
consisting of a steroidal (C 27) or triterpenic backbone (C 30), known as aglycone or sa-
pogenin, and a variable number of monosaccharide units, both pentose and hexose, joined
by glycosidic bonds which give them an amphiphilic character [4–7] (see Figures 1 and 2).
They are synthesized from the cytosolic mevalonate pathway, and they derive from the
triterpenoid or steroid cyclization products of 2,3-oxidosqualene [8]. Steroidal saponins,
which are generally found in monocotyledonous angiosperms (but not exclusively), consist
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of a steroidal aglycone, a C 27 spirostane skeleton. In some cases, the hydroxyl group at
position 26 is engaged in a glycosidic bond, and therefore the aglycone structure remains
pentacyclic [9] (Figure 2A). Triterpene saponins, which are instead commonly found in di-
cotyledonous angiosperms, consist of a triterpenoid aglycone (a C 30 skeleton), comprising
a pentacyclic structure (Figures 1 and 2B).

Figure 1. Chemical structures of the most abundant sapogenins detected in the Medicago spp. plant
extracts. Saponins: R = sugar or sugar chain, R1 = H: monodesmosides. R = R1 = sugar or sugar
chain: bidesmosides.

Figure 2. Chemical structures of the most abundant saponins identified in the Avena sativa seed
extract, i.e., steroidal saponins (A) and triterpeninc saponins (B).

Cereals are generally known to lack saponins, with the exception of oats, which
accumulate both triterpenoid (avenacins) and steroidal (avenacosides) saponins. Their
distribution is mutually exclusive, avenacosides have been reported to accumulate in the
leaves while avenacins accumulate in the roots [8].

In several plant species, saponin production is induced in response to biotic (attack by
herbivores and pathogens) and abiotic (humidity, nutrient deficiency, light, temperature)
stresses.
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Saponins showed a multitude of biochemical properties, such as being used as drugs
and medicines, precursors for hormone synthesis, cholesterol-lowering agents, adjuvants,
foaming agents, sweeteners, taste modifiers, and cosmetics.

Saponins have also been intensively studied as antimicrobial and biocontrol agents
against human and plant pathogenic microorganisms and harmful insects [4]. Saponin
extracts have also been tested against numerous Gram-positive and Gram-negative bacteria,
yeasts, and molds [7]. Although the results reported so far are difficult to generalize, due to
the high structural and biological diversity of plant saponins, antifungal activities were
generally found to be stronger with respect to their antibacterial properties [6].

Another class of plant derived products with interesting potential as biocontrol agents
are glucosinolates (GLSs). This class of secondary metabolites is produced almost exclu-
sively by plants belonging to the Brassicaceae family and is composed of β-thioglucoside
N-hydroxysulfates, consisting of a D-thioglucose group linked to a sulfonated aldoxime
group and a variable side chain derived from amino acids [10]. Based on the structure
of different amino acids precursors, GLSs have been divided into three classes: aliphatic
(derived from methionine, isoleucine, leucine, or valine), aromatic (derived from pheny-
lalanine or tyrosine) and indolic (derived from tryptophan). Out of more than 120 different
GLSs identified, only some show a high abundance in Brassicaceae. Cultivar, developmental
stage, organ, agronomic, and environmental conditions are known to significantly affect
GLSs content and profile [11–13].

The involvement of GLSs in plant defense response mechanisms is well known as
they are induced after wounding, pathogen infection, or insect and herbivore attack. The
biological activity of GSLs depends on their enzymatic hydrolysis catalyzed by degradative
enzymes known as myrosinases and by specific proteins acting as cofactors that release var-
ious toxic products (isothiocyanates, nitriles, epithioalkanes, and thiocyanates). As GLSs
and myrosinase are stored in different cellular compartments, the hydrolysis products
are released only after cells are mechanically damaged. Interestingly, the glucosinolate–
myrosinase system, also known as the mustard-oil bomb, provides a plant defense response
not only against herbivores and insect pests but also against soil borne pathogens and pests,
such as nematodes, fungi, and some weeds. Due to the presence of such antimicrobial,
antifungal, and biocidal compounds, Brassicaceae are used in agriculture for biofumiga-
tion through the preparation of commercial fumigants or growth as green manure or
rotation crops.

Elicitation, i.e., application of biotic and abiotic stress factors during growth, such as
extreme light or temperatures, saline or osmotic stress, elicitors or hormones, has been
shown to further increase the content of bioactive molecules, including GLSs, in Brassi-
caceae [11,14,15]. Among others, treatment with sucrose has been reported to elicit the accu-
mulation of GLSs and to induce the synthesis of anthocyanins in broccoli sprouts [15–19].
In previous works, Ferruzza et al. [20] obtained two aqueous juices from dark grown and
sucrose-treated broccoli sprouts, showing different biological activities on a human intesti-
nal cell line. Juices from broccoli sprouts were also shown to be protective in a cellular
model of Alzheimer’s disease and in Spontaneously Hypertensive Stroke Prone rats [21–23].
The composition analyses of these juices revealed in the sucrose-treated sprouts a marked
increase of anthocyanins and higher levels of 14 phenolic acids, including flavonoids [20].

Verticillium dahliae Kleb. is a widely distributed fungal pathogen that causes vascular
wilt disease on over 200 plant species [24], including economically important crops and
ornamental plants, native species, weeds, including both woody and herbaceous plants.
The main economic hosts of V. dahliae include artichoke, eggplant, pepper, cotton, hops,
lettuce, mint (Mentha spp.), rapeseed, olive, potato, strawberry, and tomato. It has also
been isolated from root and crown tissues of cereals including barley, ryegrass, and winter
wheat [25]. In fact, the fungus infects the roots and invades the xylem tissue, causing
obstruction of the vascular tissue and the typical symptoms of vascular discoloration
and wilting.
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In addition, V. dahliae has the ability to survive for many years in the soil in the
form of microsclerotia, small rigid survival structures capable of withstanding extreme
temperatures and dehydration [25]. The wide host range of this pathogen and the lack of
host resistance make this disease particularly difficult to manage [24].

In the present study, we tested the antifungal activity against V. dahliae of a panel of
saponins extracts obtained from Medicago spp. leaves and roots and Avena sativa (common
oat) seeds. Homogenates from Brassica oleracea sprouts, derived from either control or
elicited conditions, were also tested to evaluate their potential activities to inhibit or
delay the growth of V. dahliae. Both saponin-enriched extracts and Brassica homogenates
were shown to inhibit, with different magnitudes, the mycelium growth in vitro. The
potential practical applicability of the compounds for horticultural crop protection has been
confirmed by the lack of phytotoxicity at the antifungal concentrations.

2. Materials and Methods

2.1. Plant Sources

We tested nine different extracts (including two homogenates from sprouts of Brassica
oleracea) for their antifungal activity against V. dahliae. The plant sources from which we
obtained the extracts are listed in Table 1.

Table 1. The tested compounds and their sources are reported.

Plant Species Plant Tissue Main Compound Code

Medicago arborea leaves saponins Sap1
Medicago polymorpha 22507 leaves Sap2

Medicago polymorpha 155004 leaves Sap3
Medicago sativa leaves Sap4

Medicago sativa leaves prosapogenins Pros5

Medicago sativa roots saponins Sap6

Avena sativa seeds saponins Sap70

Brassica oleracea etiolated sprouts Brassica homogenates A
Brassica oleracea purple sprouts B

2.2. Extraction, Purification, and Characterization of Saponins from Medicago spp.

Medicago plants used in this study were grown at the Research Centre for Animal
Production and Aquaculture (CREA-ZA, Lodi, Italy). Tops from Medicago arborea L., M.
polymorpha 25570, M. polymorpha 15504, and M. sativa L. were collected at plant anthesis,
while M. sativa roots were collected at the end of the growing season. Saponins were
extracted and purified following general procedures previously reported [26,27]. In addi-
tion, saponins from M. sativa were subjected to basic hydrolysis [28] to extract the related
prosapogenins, which were also evaluated in this study.

The purified mixtures of saponins were obtained as whitish powders in high pure
grade (85–90% purity) and characterized for their qualitative and quantitative aglycone
composition by gas chromatography (GC) and gas chromatography-mass spectrometry
(GC-MS) analyses of derivative sapogenins obtained after acid hydrolysis, as already
reported [4,29]. To obtain information on saponin composition (e.g., chemical structure and
monodesmoside/bidesmoside compounds), the saponin mixtures were then analyzed by
HPLC-PDA and LC-MS and the results compared with available data [26–28].

2.3. Extraction and Characterization of Saponins from Avena Sativa Seeds

Oat grains from (Avena sativa cv. Novella Antonia) were milled with a Cyclotec Sample
Mill (Foss Italia S.p.A., Padova, Italy) equipped with a 0.5 mm screen.

The flour was defatted in a Soxhlet apparatus with chloroform for two days. The
extraction of the compounds of interest has been carried out in Soxhlet device using 100%
methanol.
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The methanol extract has been diluted to 20% with water, filtered, and ultracen-
trifuged with Beckman ultracentrifuge Model J2-21, set at temperature of 0 ◦C, for 25 min
at 14,000 rpm. The supernatant was purified by open column chromatography filled with
a C18 stationary phase, and four different fractions were collected by sequential elution
with Methanol 20%, 50%, 70%, and 100%. All subsequent analyses were conducted on the
fraction eluted with 70% Methanol (named Sap70 hereafter, see Table 1), given that most of
the oat saponins were exclusively recovered in this fraction.

The saponin-enriched extract Sap70 was evaporated to dryness in a rotary evaporator
set at 40 ◦C, yielding a crude saponin mixture powder. The presence of saponins in the
extract was confirmed through a TLC.

The enriched oat saponin fraction Sap70 was subsequently characterized by LC–
ESI-MS, with a C18 reversed-phase column (150 × 2.1 mm, 5 μm, KinetexR Core Shell,
Phenomenex, Bologna, Italy). The mobile phase contained: (A) 5% acetonitrile and 0.1%
formic acid solution and (B) acetonitrile 0.1% formic acid. The gradient elution program
was as follows: 50% B (0–15 min); 50% B (15–24 min); 90% B (24–28 min); 90% B (28–30 min);
13% B (30–32 min); and 13% B (32–35 min). The flow rate was 0.2 mL/min and the injection
volume was 10 μL. MS analysis was performed on the LTQ-XL ion trap (ThermoFisher,
Monza, Italy) with an electrospray ionization (ESI) source in the negative ion mode. The
mass scan range was set to 100–2000 m/z, with sheath gas 45 arb, auxiliary gas 20, capillary
temperature set to 275 ◦C, and a spray voltage of 3.6 kV. MS2 data were obtained from
a data-dependent approach, acquiring MS2 spectra on three most intense ions from the
initial full scan event. Metabolites annotation was assigned on the basis of a combination
of authentic standards, MS2 data and confirmation of the presence of the metabolites from
phytochemical data already available in Avena spp.

2.4. Brassica Sprouts Juices Preparation

Homogenates from sprouts of Brassica oleracea convar. botrytis var. cimosa were ob-
tained as described by Ferruzza et al. [20]. Briefly, after sterilization, seeds were transferred
to the Vitaseed germinator (SUBA & UNICO, Longiano, Italy). Sprouts were grown for
5 days at 21 ◦C and 70% humidity in a dedicated climatic chamber (Weiss Gallenkamp,
Loughborough, UK) in the dark (type A sprouts) or with 16 h of lighting and 8 h of darkness
(type B sprouts). After the first 3 days of growth, type B sprouts were treated for 48 h
with a 176 mM sucrose solution. After 5 days of growth, the seedlings were weighted and
cold-pressed with an Angel Juicer 8500S (Living Juice Ltd., Lecco, Italy) for juice production.
The juices obtained were centrifuged at 4000 g for 30 min at 4 ◦C. The supernatant was
immediately frozen in liquid nitrogen and stored at −80 ◦C. At the time of use, the extracts
were filtered sequentially first through 1.2 um, then 0.45, and finally 0.22 um filters in order
to eliminate any bacterial and fungal loads that may be present.

2.5. Antifungal Activity In Vitro Test

The antifungal activity of saponin-enriched extracts and Brassica homogenates were
evaluated against a V. dahliae strain isolated from tomato (S. lycopersicum) and stored at the
Fungal Repository of the Università Cattolica del Sacro Cuore, Piacenza, Italy.

A 10% saponin stock was prepared with 100 mg of saponin extracts dissolved in 1 mL
of sterile H2O + DMSO (900 μL of H2O + 100 μL of DMSO for saponin 1, 3, 4 and 6; 800 μL
of H2O + 200 μL of DMSO for prosapogenin 5; 600 μL of H2O + 400 μL of DMSO for saponin
2) and different volumes were added to the Potato Dextrose Agar (PDA) medium before it
solidified (at a temperature of about 60 ◦C) to obtain final concentrations of 0.25%, 0.5%, 1%,
and 1.5%. For brassica sprouts juices, different volumes were added to the PDA medium
before it solidified (at a temperature about 60 ◦C) to obtain final concentrations of 6%, 3%,
and 1%. The medium thus prepared was distributed in 60 mm Petri dishes (about 5 mL of
PDA / plate), which were subsequently inoculated with a rod of Verticillium dahliae from a
holding plate. The plates were incubated at 20 ◦C with 12 h light and 12 h dark photoperiod.
The diameter of the fungal mycelium was evaluated 3 to 12 days after inoculation. As
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controls, plates with PDA as such and added with DMSO (solution in which the saponins
are dissolved) were used. The results were expressed as growth inhibition (I) calculated
with the formula I = [(C−T)/C] × 100, where C = control mean and T = treatment mean.
Control samples have 0% growth inhibition values. The experimental design consisted of
six replicates per thesis. Moreover, mycelium morphology in control and treated samples
was observed with the microscope Olympus DP50 (Olympus, Milan, Italy) and with the
stereomicroscope Zeiss Discovery V8 at increasing magnifications.

2.6. Phytotoxicity Tests

The phytotoxicity of the best saponins in term of antifungal activity was evaluated in
tomato seedlings. A panel of tomato cultivar (Cuore di Bue, Sailor, Mariner, Wilson and
Rossoro) were used. A total of 20 seeds/variety were inserted into 2 mL centrifuge tubes
containing 1mL of treatment solution. The tubes were kept at room temperature and gently
stirring for 2 h. At the end of the incubation, the seeds were drained and dried on absorbent
paper for 5 min. They were then transferred into Petri dishes (6 cm in diameter), containing
2 sterile paper filters wetted with 1ml of H2O. In each plate, 20 seeds were placed and the
experiment was conducted in duplicate. As controls, seeds treated with DMSO or simply
soaked with H2O were used.

After 10 days, the seedlings were measured (shoot and main radicle) and the percent-
age of germination was evaluated. The straightened roots and shoots were measured with a
Vernier manual caliper, with a precision of 0.02 mm. Furthermore, for the different varieties
and treatments, the vigor of the seed was calculated in accordance with Abdul-Baki and
Anderson [30] by applying the formula:

vigor = % viability × (mm coleoptile length + mm main root length)

To analyze the potential phytotoxicity of the brassica sprouts juices, their effects on
cereal seed germination was evaluated. Seeds of Zea mays (class 300) were washed for 6h
in tap water, sterilized with NaClO 5% for 5′ and then drained and dried on absorbent
paper for 5 min. They were then transferred into Petri dishes containing three layers of
filter paper wetted with distilled water (control samples) or with the two types of brassica
sprouts juices (treatment) at five different concentrations (0.1, 1, 10, 1000, and 5000 ppm).
Each vessel contained 10 kernels and the experiment was repeated 3 times. The seeds
were kept in the dark at 25 ◦C, 65% humidity, for 72 h to soak, and the percentage of seed
germination was calculated after 72 h according to the UNICHIM 1651:2003 method.

2.7. Statistical Analysis

Fungal data and tomato vigor germination data were analyzed with t-test (R version
4.1.2 and R-studio 2021.09.01 build 372) with p < 0.05. Seed germination data from maize
phytotoxicity tests were analyzed with a Kruskal–Wallis test, and post hoc comparison was
done using the Mann–Whitney test. Statistical significance was established at p < 0.08.

3. Results

3.1. Composition of Saponins and Related Sapogenins from Medicago spp.

The chemical composition of Medicago saponin extracts differed according to the plant
species. The composition of the most abundant sapogenins in the saponin mixtures is
reported in Table 2. Based on the relative content of the dominant sapogenins after acid
hydrolysis of the corresponding glycosides, saponins from M. arborea leaves (Sap1) were
characterized by a higher amount of medicagenic and zanhic acids (27.5% and 45.8%,
respectively, Figure 1). Echinocystic acid (Figure 1) was the dominant sapogenin in M. poly-
morpha 25570 leaves (Sap2), representing 76.5% of the total aglycones, while hederagenin
(85.9%) (Figure 1) was the dominant sapogenin detected in M. polymorpha 15504 (Sap3).
Medicagenic acid and zanhic acid were also the most abundant aglycones from saponins
of M. sativa leaves (Sap4), accounting for 43.4% and 44.7%, respectively. M. sativa root
saponins (Sap6) were instead characterized by a higher amount of medicagenic acid and
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hederagenin (Figure 1, 64.7% and 19.3%, respectively). Based on the HPLC-PDA/LC-MS
comparison with authentic saponin standards [26–28], all the saponin mixtures here evalu-
ated were found to be mainly constituted by bidesmosidic type saponins (70–80%). The M.
sativa prosapogenins (Pros5), obtained after basic hydrolysis of the corresponding saponins,
were instead entirely made up by monodesmosides (Figure 1).

Table 2. Composition of the most abundant sapogenins in the saponin mixtures from Medicago spp.,
expressed as percentage (%) of the total sapogenins.

Echinocystic
Acid

Caulophyllogenin Hederagenin Bayogenin
Medicagenic

Acid
Zanhic
Acid

Soyasapogenol
B

M. arborea
leaves Sap1 - - 0.1 3.5 27.5 45.8 10.1

M. polymorpha
25570 leaves Sap2 76.5 4.6 9.7 1.5 - - 2.0

M. polymorpha
15504 leaves Sap3 0.3 0.1 85.9 1.2 - - 2.3

M. sativa leaves Sap4 - - 0.2 1.4 43.4 30.2 13.1
M. sativa roots Sap6 - - 19.3 2.3 64.7 2.9 3.1

3.2. Composition of Saponins from Oat Seeds

In order to simplify the composition of the extract from oat grains and to obtain a
saponin-enriched fraction, we fractionated the raw extract through RP-18 open column
chromatography, with sequential elution steps with methanol washes at increasing concen-
trations. Of the 4 eluted fractions (obtained from sequential elution at 20, 50, 70, and 100%
Methanol), TLC, HPLC, and LC-MS analysis showed that the 70% methanol fraction con-
tained most of the saponins present in the initial raw extract. The 70% fraction was therefore
analyzed by LC-ESI- MS2 analysis (Figure S1) to allow elucidation of the chemical structure
of avenacins and avenacosides, which was achieved based on their chromatographic be-
havior, MS2 fragmentation spectra, and available literature data. When authentic standards
were available, the annotation of putative saponin peaks was confirmed through co-elution
of the corresponding pure compound. This enriched saponin fraction was shown to contain
both avenacins and avenacosides (Table 3), in addition to over 70 authentic molecular ion
signals for which a tentative annotation could not be provided.

Saponins were tentatively identified based on the molecular ion [M-H]−, on key
fragment ions and other MS observations. In general, the loss of 146 m/z was indicative
of deoxyhexose (e.g., rhamnose) and the loss of 162 m/z was indicative of hexose (e.g.,
glucose). The most abundant tentatively identified saponins are reported in Figure 2.
Altogether, avenacins and avenacosides represent 35–40% of the total fraction, and their
relative percentage composition was evaluated by LC-MS analyses and reported in Table 3.

The most abundant saponins in the oat 70% fraction were avenacoside B (compound
5, 35.3% of the total detected saponins) and avenacoside A (compound 6, 28.9%) followed
by compound 1 (avenacin A2, 16.5%) and compound 4 (one of the isomer of avenacoside
D, eluting at RT11.12, 7.1%). Avenacin C (both isomers 1 and 2, compounds 7 and 8) were
also detected in lesser amount (see Table 3).
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Table 3. LC-ESI-MS2 analysis of the Avena sativa enriched saponin extract. “A” grade refers to
a metabolite annotation confirmed by co-elution of the authentic standard; “B” grade refers to a
metabolite annotation confirmed by MS2 analysis and previous reports from the literature; “C” grade
refers to a metabolite annotation confirmed by MS2 analysis and previous reports from the literature.

n tR
Molecular
Formula

Monoisotopic
Mass

[M-H]−
(m/z)

Metabolite
Annotation

Grade MS2 (m/z)
% of Total
Detected
Saponins

Reference

1 10.09 C54H80O21 1064.51918 1063.7 Avenacin A2 C 16.5

Crombie et al.,
1984 [31] (oat

roots); Hu and
Sang (2020)

(sprouted oat
bran) [32]

2 10.29 C63H102O33 1386.6303 1385.8 Avenacoside D
(isomer 1) B

1223.3
[M-H-Hexose]−;

1061.0
[M-H-2Hexose]−

1.4
Yang et al.,

2016 [33] (oat
bran)

3 10.52 C57H92O28 1224.57748 1223.7 Isomer to
Avenacoside B B

1077.4 [M-H-Rha]−;
1061.5 [M-H-Hex]−;

1043.3
[M-H-Hex-H2O]−;

915.3
[M-H-Hex-Rha]−;

899.4 [M-H-2Hex]−

2.7
Yang et al.,

2016 [33] (oat
bran)

4 11.12 C63H102O33 1386.6303 1385.8 Avenacoside D
(isomer 2) B

1223.3 [M-H-Hex]−;
1061.0

[M-H-2Hex]−
7.1

Yang et al.,
2016 [33] (oat

bran)

5 11.34 C57H92O28 1224.57748 1223.7 Avenacoside B C 35.3
Yang et al.,

2016 [33] (oat
bran)

6 11.57 C51H82O23 1062.52466 1061.7 Avenacoside A A

915.3 [M-H-Rha]−;
899.3 [M-H-Hex]−;

753.3
[M-H-Rha-Hex]−;

736.3 [M-H-2Hex]−

28.9

Tschesche et al.
Chem Ber 1969
[34] (seeds and

leaves)

7 11.98 C45H72O18 900.47184 899.6 Avenacoside C B 753.0 [M-H-Rha]−;
737.3 [M-H-Hex]− 6.4

Pecio et al.,
2013 [35]
(seeds)

8 12.52 C45H72O18 900.47184 899.6 Isomer to
Avenacoside C C 1.9

Pecio et al.,
2013 [35]
(seeds)

3.3. Medicago Saponins Antifungal Activity

All tested saponins had an inhibitory effect against Verticillium dahliae at concentrations
greater than 0.5%. The most effective was the prosapogenin extract from Medicago sativa
leaves, with a reduction in fungal growth of 50.8–52.5% at the lowest concentrations
tested and up to an inhibition of 54.1–59% at the highest concentrations (12 days after
inoculation). The saponin 6 extract from Medicago sativa roots reduced the growth of the
pathogen by 40–46% at the lowest concentrations, up to an inhibition of 47.3–49.3% at
the highest concentrations (12 days after inoculation). Saponins extracts 3 and 4 (from
the leaves of Medicago polymorpha and Medicago sativa) were less effective in reducing the
fungal growth, which at the highest doses reduced the development of the pathogen by
35.3–42.7%, respectively (at 12 days after inoculation) (Figure 3).
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Figure 3. Effect on the in vitro growth of Verticillium dahliae mycelium by saponins added to the
growth medium after 6 and 12 days from inoculation. Sap1) Saponins extracted from leaves of M.
arborea, Sap2) and Sap3) Saponins extracted from leaves of M. polymorpha, Sap4) Saponins extracted
from leaves of M. sativa, Pros5) Prosapogenins extracted from leaves of M. sativa, Sap6) Saponins
extracted from roots of M. sativa. Values are reported as inhibition percentages as compared to the
control ± SD. The concentration percentages are intended as volume/volume. All the treatments
with saponins and prosapogenins concentrations equal or higher than 0.5% are significant (t-test,
p ≤ 0.05) in mycelium growth inhibition in comparison with not treated controls.

3.4. Oat Saponins Antifungal Activity

The saponin-enriched seed oat extract Sap70 significantly inhibited Verticillium dahliae
growth at concentrations greater than 0.5% (Figure 4). Sap70 impact on mycelium growth
is significant at 6 days after inoculation, with reductions ranging from 26% to 61% at
increasing concentrations. The reduction in fungal growth ranged from 45% at 0.5% Sap70
concentration to 66% at the highest concentrations 12 days after inoculation.

Figure 4. Effect on the in vitro growth of Verticillium dahliae mycelium by the saponin-enriched seed
oat extract Sap70 added to the growth medium after 6 and 12 days from inoculation. Values are
reported as inhibition percentages as compared to the control ± SD. The concentration percentages
are intended as volume/volume. The mycelium growth reduction is significant (t-test, p ≤ 0.05) in
the presence of Sap70 concentrations greater than 0.5% after 6 days and equal or greater than 0.5%
after 12 days of treatment.
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In addition to seeing a strong effect on the growth of the fungus, the morphology of
the mycelium is shaped by the saponins presence (Figure 5), with the transition from a
cottony mycelium to a very compact one. This effect is particularly evident at the higher
concentrations of the extract. It is noteworthy that Sap70 at the highest inhibited even the
fungal conidia production.

Figure 5. Verticillium dahliae mycelium images taken with the microscope and stereomicroscope using
3 magnifications (10×, 32×, 400×) after 10 days of growth in the absence (control) or in the presence
of increasing Sap 70 concentrations.
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3.5. Brassica Sprouts Juices Antifungal Activity

The two brassica sprouts juices, A and B, were in vitro tested to evaluate the fungicidal-
fungistatic effect on the pathogen Verticillium dahliae (Figure 6). The two juices significantly
affect the mycelium growth at all the tested concentrations. The B juice was found more
effective in limiting fungal growth, managing to reduce, after 12 days from inoculation, the
diameter of the mycelium by 49.4%, when used at the highest concentration tested and by
32.2% at the lowest. The A juice reduced the radial growth of the pathogen by 18.8–23.9%,
without significant differences between the three quantities tested.

Figure 6. Effect of A and B brassica sprouts juices on the in vitro growth of Verticillium dahliae
mycelium at 6 and 12 days after inoculation. Three concentrations (volume/volume) have been
tested. Values are reported as inhibition percentages as compared to the control ± SD. All the
treatments reduced significantly the mycelium growth in comparison with control (t-test, p ≤ 0.05).

3.6. Saponins Phytotoxicity

Phytoxicity evaluations were carried out on five tomato varieties using the test de-
scribed in the Materials and Methods, which allows for the measuring of the germinative
vigor of seeds treated with saponin extracts in comparison with untreated control seeds.
The tests were conducted using the two saponin extracts that have shown the higher an-
tifungal activity, i.e., Sap 6 and Sap 70, at the highest concentrations used to inhibit the
mycelial growth of V. dahliae.

No significant differences in germination vigor were found between the control seeds
and the treated seeds of the five varieties (Figure S2). In some varieties (i.e., Wilson,
Mariner and Rossoro) a trend of greater vigor was observed in the treated seeds, although
not statistically significant (Figure S2).

3.7. Brassica Sprouts Juices Phytotoxicity

There were no statistically significant differences in germination between control seeds
and seeds treated with different concentrations of both types of brassica sprouts juices
(Figure 7). Therefore the germination tests did not show any toxic effects of the analyzed
extracts at concentrations up to 5000 ppm.
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Figure 7. Effect of A and B brassica sprouts juices at the concentrations reported on x axis on the
maize seed germination percentages (y axis). No statistically significant differences were detected
between control and treatments at all the concentrations tested (Kruskal–Wallis test, p ≤ 0.08).

4. Discussion

The antimicrobial activity of plant saponins has been long known, having been re-
ported since the initial purifications reported for this class of compounds [6]. Saponins are
primarily implicated in the plant defense response to pathogen infections. Their presence
in plant roots and leaves provides a chemical barrier to intruding soil-borne and phyllo-
sphere microbes infecting plant tissue [36]. The pathogenic attack in some plants causes
the hydrolysis of saponins to derivatives with strong antibiotic activity.

Saponins, as components of exogenous plant defense treatments, have been mainly
proposed to control insects affecting crop production and bacterial and fungal pathogens
of relevance for human and animal health. Less knowledge is available on the saponins
potential as antifungal agents. This study contributed to the increase of such knowledge,
finding that saponins extracted from different Medicago species and from oat seeds are
effective antifungal agents against V. dahliae.

Regarding saponins present in Medicago spp., some studies have found that sa-
pogenins (i.e., saponin aglycones) generally have higher antifungal activity with respect to
intact saponins (which are extensively glycosylated), suggesting that the sugar moiety is
not important for antimicrobial efficacy. In particular, the biological activities of M. sativa
and M. arborea extracts were found to be related to the content of medicagenic acid [37].
Moreover, the antifungal properties of saponin mixtures from Medicago tops and roots, the
corresponding mixtures of prosapogenins from tops, and purified saponins and sapogenins
have been successfully evaluated against the fungus Pyricularia oryzae. The in vitro trials
clearly demonstrated the antifungal effects of prosapogenin mixture from alfalfa tops [38].

Oats, the only saponin-accumulating cereal, store such molecules in leaves and roots
(steroidal avenacosides and triterpene avenacins), where they have phytoprotectant activity,
as demonstrated by the increased susceptibility to pathogens of avenacin-free mutant
genotypes. Oat grains and husks have been reported as being rich in the inactive biological
forms of the steroidal avenacosides A and B, which can then be converted to their active
forms, 26-desglucoavenacoside A and B, by the action of glycosidases resulting from tissue
damage or pathogen attack [39].

Despite the avenacins biosynthetic pathway elucidated in Avena strigosa root tis-
sue [40,41], it is still unknown how the expression of genes involved in the pathway
impacts on the seed avenacins content.
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A pattern of molecular mechanisms has been proposed for saponins antimicrobial
activities, including membrane lipid re-arrangement, pores formation, and cell lysis [42].
Recently, several studies suggested that many saponins do not solubilize the lipid layers of
biological membranes but fluidize them, causing an increase of their permeability [43].

It is noteworthy that saponins extracted from Medicago and from oat seeds impact on
fungus life cycle—inhibiting, at least at higher saponin concentrations, the production of
fungal spores (Figures 5 and 8). Such peculiarity of saponin treatments can be of particular
interest to slow or to stop the vascular colonization of the plant, which occurs when conidia
are sucked into the plant into the so-called trapping sites, where they germinate and invade
adjacent vessel elements to continue the plant colonization.

Figure 8. Verticillium dahliae mycelium images taken at 400× magnification after 10 days of growth in
absence (control) or in presence of increasing Sap6 concentrations.

Brassica juice from purple sprouts has been found significantly more efficient in inhibit-
ing V. dahliae mycelium growth in comparison with brassica juice from etiolated sprouts.
The juice from purple sprouts is enriched not only with GLSs but also with polyphenols
and in particular with anthocyanins, all compounds which may also have antimicrobial and
antifungal properties [44]. In common with other flavonoids, certain anthocyanins have
demonstrable antiviral, antibacterial, and fungicidal activities. They have the potential,
therefore, to protect plants from infections by pathogenic microorganisms. In general,
however, the antimicrobial activities of anthocyanins are appreciably less effective than
those of other phenolic compounds, such as key flavanols and hydroxycinnamic acids. On
the other hand, anthocyanins have not been found to be toxic to any higher animal species.
Aphid survival rates, for example, are unaffected by anthocyanins direct chemical defense
is unlikely to be a major function of these pigments in plants [45].

Interestingly, the presence of increased levels of anthocyanins and other polyphenols
in addition to GLSs in sucrose treated brassica sprouts juices can potentially be one of the
reason for its higher protective effect.

5. Conclusions

The overall aim of this work has been to identify plant extracts and mixtures charac-
terized by antifungal activity, low toxicity level and low preparation costs, as a potential
application in fungal control in horticultural crops. Brassica sprouts, Medicago tissues, and
oat seeds are all low-cost sources of natural antifungals. All tested extracts and mixtures
were found effective in inhibiting the growth of the widespread pathogen V. dahliae at
concentrations that are not toxic for the plant. To minimize the losses caused by the wilt,
an integrated approach, i.e., a combination of cultural, chemical, biological, and genetic
actions is now proposed [46]. Mazzotta et al. [47] recently proposed to deliver olive leaf
extracts to tomato plants using chitosan nanoparticles as a carrier. In this frame, saponins
able to reduce mycelium growth but first of all to block conidia formation deserve deeper
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in vivo evaluation, even in combination with delivery system, e.g., chitosan nanoparticles.
Their applicability in open field and greenhouse environments can be proposed in the
frame of organic productions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8080729/s1, Figure S1. LC-MS analysis of the Avena
sativa saponin-enriched extract. (a.) Base peak chromatogram of the saponin fraction eluted from
the 70% MeOH wash; (b.) extracted ion chromatogram of m/z 1064.4, annotated as Avenacin
A2; (c.) extracted ion chromatogram of m/z 1385.8, yielding two peaks annotated as the putative
isomers of Avenacoside D; (d.) extracted ion chromatogram of m/z 1223.7, yielding two peaks
annotated as the putative isomers of Avenacoside B; (e.) extracted ion chromatogram of m/z 1061.7,
annotated as Avenacoside A by coelution of the corresponding authentic standard; (f.) extracted ion
chromatogram of m/z 899.6, yielding two peaks annotated as the putative isomers of Avenacoside C.
For details of MS identifications see Table 3; Figure S2. Effect of Sap70 and Sap 6 extracts at antifungal
concentrations on tomato (five cultivars) seed germinative vigor. The germination vigor is reported
on Y axis and was calculated as reported in Materials and Method section.
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Abstract: Garden cress is a vegetable crop in the Brassicaceae family that is appreciated for its
nutraceutical and taste-giving components in minimally processed food chains. Due to its very short
cycle, which depends on the range of production from microgreens to baby-leaf vegetables, this
crop is threatened by soil-borne pathologies developing within the initial stages of germination and
emergence. This study aims to evaluate the suppressive bio-compost as an innovative means to
counteract the main telluric diseases of garden cress and reduce the risks of yield loss by adopting
sustainable remedies and decreasing the dependence on synthetic fungicides. Therefore, eleven green
composts obtained using both previously distilled and raw aromatic plant residues were analyzed for
suppressive properties against Rhizoctonia solani and Sclerotinia sclerotiorum on sown garden cress. The
biological active component of the composts, detected by CO2-release, FDA-hydrolysis and microbial
counts, proved to be indispensable for pathogen control in vitro and in vivo, as demonstrated by
the loss of suppressiveness after sterilization. Cross-polarization magic angle spinning 13C-nuclear
magnetic resonance (CP-MAS-13C-NMR) was used to analyze the molecular distribution of organic
C in composts. The results indicated the suitability of the feedstock used to make quality compost.
The suppression levels shown by composts P1 (40% wood chips, 30% escarole and 30% a mixture of
sage, basil, mint and parsley) and P2 (40% wood chips, 30% escarole and 30% a mixture of essential
oil-free sage, basil and rosemary) are promising for the sustainable, non-chemical production of
garden cress vegetables.

Keywords: biological control; NMR; on-farm composts; organic carbon; Rhizoctonia solani; Sclerotinia sclerotiorum

1. Introduction

Garden cress (Lepidium sativum L.) is an annual cruciferous herb cultivated in many
temperate areas of the world and prized as a leafy vegetable and a microgreen for the
ready-to-eat functional food sector [1,2]. The interest in this herb is due to its distinctive
taste and richness in health-beneficial phytonutrients, including antioxidants, phenolic
compounds and glucosinolates [3]. Its cultivation is characterized by very short cycles
that end in the order of 10–20 days after sowing with the cutting of the fresh product,
which can be followed by minimal processing, bagging and distribution [4,5]. In the
microgreens chain, the time is shortened even further [6]. With a view to immediate
consumption, it is therefore necessary to adopt cultivation systems and management
protocols, particularly for phytosanitary aspects, that minimize or even exclude the use
of synthetic chemicals. On the other hand, the cultivation of garden cress at the ground
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level is very vulnerable to polyphagous telluric pathogens that can proliferate in sick soils
and/or intensive systems [7].

The use of suppressive compost can be a very advantageous strategy in the cultivation
of this vegetable, both in terms of sustainability and quality. A quality compost with its
biological (microbial community and excreta) and/or physicochemical (supramolecular
structures and compounds) components can hinder disease development by interfering
in pathogenesis through some key mechanisms schematically referred to as biological
control, the induction of resistance and direct antifungal activity [8,9]. Therefore, the
use of a highly suppressive compost in the production of baby-leaf vegetables and/or
microgreens can drastically reduce the dependence on synthetic fungicides and promote
healthy plant development [10]. Suppressiveness adds to the advantages of using compost
in cress cultivation, e.g., nutrient supply and the stimulation of the synthesis of functional
metabolites that improve organoleptic quality [11].

Over the years, many studies have been conducted to investigate the main mechanisms
underlying compost suppressiveness, establishing the primacy of the microbiological
component that is selected during the long composting process through the continuous
feedback between the transformation of organic matrices by the microorganisms and the
conditioning of the microbiota structure induced by the physicochemical nature of the
organic matter [12]. Many of these studies have used garden cress as a model plant to
characterize compost suppressiveness [12,13] (see Table 1), and, even earlier, it proved to
be particularly suitable for testing phytotoxicity [14], demonstrating the potential for use in
productive systems as well.

Table 1. Percentage of control efficacy showed by many composts tested against soil-borne diseases
of cress in previous studies. The asterisk indicates statistical significance (p < 0.05); ns indicates not
significant, as compared to the infected reference.

Compost Source Turning Pathogen Control (%) Reference

Viticulture and enological factory residues
Pythium ultimum 23 * [13]
Rhizoctonia solani 42 *
Sclerotinia minor 0

Organic fraction of differentiated municipal
bio-waste

P. ultimum 53 * [13]
R. solani 0
S. minor 54 *

Organic fraction of undifferentiated municipal
bio-waste

P. ultimum 26 * [13]
R. solani 0
S. minor 38 *

Cow manure
P. ultimum 47 * [13]
R. solani 60 *
S. minor 36 *

Organic fraction of differentiated biowaste +
peat 50% v/v

P. ultimum 53 * [13]
R. solani 0
S. minor 19 ns

Tomato, escarole, woodchip, compost
17.5:15.5:65:2 w/w

FV R. solani 77 * [12]
S. minor 61 *

Tomato, woodchip, compost 50:48:2 w/w FV R. solani 55 * [12]
S. minor 29 ns

Artichoke, woodchip, compost 78:20:2 w/w FV R. solani 46 * [12]
S. minor 48 *

Artichoke, fennel, escarole, woodchip, compost
43.5:23.5:11:20:2 w/w

FV R. solani 39 * [12]
S. minor 36 ns
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Table 1. Cont.

Compost Source Turning Pathogen Control (%) Reference

Urban waste
R. solani 0 [12]
S. minor 0

Chestnut leaves, branches, bark, and hulls
R. solani 45 * [15]
S. minor 62 *

Solid digestate R. solani 1 ns [16]
S. minor 53 *

Escarole, crop cardoon, compost 80:18:2 w/w PA R. solani 36 * [17]
S. minor 66 *

Escarole, crop cardoon, compost 80:18:2 w/w FV R. solani 42 * [17]
S. minor 69 *

Escarole, crop cardoon, compost 80:18:2 w/w TH R. solani 15 ns [17]
S. minor 32 *

Leafy vegetables, fennel, woodchip MT→FV R. solani 56 * [18]
S. minor 84 *

Maize, livestock waste, woodchip MT→FV R. solani 0 [18]
S. minor 2 ns

Leafy vegetables, basil, tomato, watermelon,
woodchip

MT→FV R. solani 39 * [18]
S. minor 65 *

Leafy vegetables, basil, watermelon, woodchip MT→FV R. solani 36 * [18]
S. minor 95 *

Leafy vegetables, basil, pumpkin, woodchip MT→FV R. solani 0 [18]
S. minor 11 ns

Leafy vegetables, basil, woodchip MT→FV R. solani 0 [18]
S. minor 36 ns

Leafy vegetables, basil, watermelon, woodchip MT→FV
R. solani 43 * [18]
S. minor 18 ns

Leafy vegetables, basil, woodchip MT→FV
R. solani 48 * [18]
S. minor 95 *

Leafy vegetables, basil, woodchip MT→FV
R. solani 57 * [18]
S. minor 0

Leafy vegetables, basil, pumpkin, woodchip MT→FV
R. solani 0 [18]
S. minor 72 *

Leafy vegetables, artichoke, woodchip MT→FV
R. solani 52 * [18]
S. minor 60 *

Leafy vegetables, cabbage, walnut husk,
woodchip MT→FV

R. solani 40 * [18]
S. minor 72 *

Leafy vegetables, basil, sorghum, tomato,
pumpkin, woodchip MT→FV

R. solani 45 * [18]
S. minor 86 *

Solid digestate + chips 15:83.3 w/w R. solani 12 ns [19]
S. minor 59 *

Composting is proposed as a circular economy process aimed at valorizing agro-
industrial organic waste through recycling and reuse in new crop cycles [20]. The systematic
production of multifunctional composts with suppressive and biostimulating properties is
a new perspective for the development of the sector, which can be found in plant materials
with a well-defined phytochemical potential, a valuable resource. This may be the case in
the aromatic plant sector, which can produce a large amount of noble waste for this purpose,
both from the cultivation and dressing stages. This residual aromatic biomass can continue
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its productive life as a co-product of the distillation of essential oils, the production of
aromatic waters and, then, through just composting [21].

The present study aims to evaluate the suppression in a collection of 11 composts
produced from aromatic plant waste against two telluric diseases of cress: Rhizoctonia and
Sclerotinia damping-off. By characterizing the microbiological and chemical properties
and the molecular distribution of organic C in the composts, inferences are made about the
mechanisms underlying disease suppression.

2. Materials and Methods

2.1. Bio-composts

In this study, eleven composts (P1–11) obtained by on-farm composting (singly or in
complex) different feedstocks available in the aromatic plant chain—in a static pile periodi-
cally turned by hand, as previously illustrated by [22]—were used. The starting materials
are listed in Table 2; they include both raw and previously hydrodistilled feedstock [21].
These composts were available as representative of a possible combination of biomasses
from the herb sector included in valuable circular economy processes.

Table 2. Main compost feedstock used to produce P1–P11 composts.

Compost
Feedstock

Wood Chips Vegetable Residues Aromatic Plant Material

P1 40% 30% Escarole
(Cichorium endivia L.)

30% Mixture of Sage
(Salvia officinalis L.), Basil
(Ocimum basilicum L.), Mint
(Mentha x piperita L.) and Parsley
(Petroselinum crispum (Mill.) Fuss)

P2 40% 30% Escarole 30% Mixture of Sage, Basil and
Rosemary (Rosmarinus officinalis L.) Distilled

P3 20%

50.5% Parsley
6.2% Rocket
(Diplotaxis tenuifolia L.)
3.6% Red radish
(Raphanus sativus L.)

29.9% Basil, 6.2% Thyme
(Thymus vulgaris L.), 2% Laurel
(Laurus nobilis L.), 1.6% Mint

Distilled

P4 - 100% Basil
P5 - 100% Basil Distilled

P6 20%

50% Parsley, 28% Thyme, 8.1%
Rosemary, 5.5% Mint, 3.8%
Oregano (Origanum vulgare L.),
2.5% Sage, 0.9% Laurel, 0.7%
Tarragon (Artemisia dracunculus L.),
0.5% Basil

P7 20% 17.6% Parsley 39.3% Basil, 19.7% Rosemary,
16.5% Sage, 6.9% Mint Distilled

P8 - 100% Rosemary
P9 - 100% Rosemary Distilled

P10 - 100% Sage
P11 - 100% Sage Distilled

2.2. In Planta Compost Suppressiveness Assay

The compost suppression bioassay was conducted against the Rhizoctonia and Sclero-
tinia diseases of L. sativum, as was described previously by Pane et al. [17]. In particular,
the experimental setup is summarized here:

• The eleven bio-composts, both sterile (twice autoclaved) and not sterile, were supplied
at a rate of 30% (vol.) to a standard peat-based growing medium. Non-amended peat
was used as a control.

• Isolates of Rhizoctonia solani (AG-4) and Sclerotinia sclerotiorum from the CREA mi-
crobial collection (at the Research Center for Vegetables and Ornamental Crops in
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Pontecagnano Faiano, Italy), maintained on a potato dextrose agar medium (PDA, Ox-
oid Ltd., Basingstoke, UK), were grown for 21 days on common millet seeds saturated
with potato dextrose broth (PDB, Oxoid Ltd., Basingstoke, UK) (1/10 w/w) to prepare
the pathogen inoculum to be incorporated into the substrate at a final concentration of
1% (w/w, dry weight).

• The experimental unit consisted of a mini plastic pot (7 cm diam., ~0.1 L vol.) filled
with the different substrates, sown with 20 seeds of garden cress cv. Comune (Blumen,
Milan, Italy) each and replicated five times for each treatment. Ultimately, there were
11 composts ×2 conditions (autoclaved and non-autoclaved) +2 controls (healthy and
infected peat) for a total of 24 treatments, resulting in 120 pots and 2400 seeds. The
experiment was repeated.

• The sown pots were placed in a climate chamber (25 ◦C) for 7 days to allow for the
emergence of cress seedlings and the development of Sclerotinia and Rhizoctonia
damping off (Figure 1).

Figure 1. Photograph of healthy (A) and Rhizoctonia- (B) and Sclerotinia-diseased (C) cress seedlings
sown in pots on autoclaved peat. Details of the damping-off by Rhizoctonia solani (D) and the wilting
of cress seedlings covered by Sclerotinia sclerotiorum mold (E).

The incidence of Sclerotinia and Rhizoctonia diseases on the cress was recorded as the
percentage of damping-off (DO%), according to Equation (1):

DO% =
HSo − HSi

HSo
× 100 (1)

where HSo and HSi are the number of healthy seedlings in the non-amended control and in
the ith compost mix, respectively.

2.3. Analysis of the Main Physico-Chemical and Biological Components of Compost

The electrical Conductivity and pH of the compost were determined according to the
official methods of the Italian National Society of Soil Science [23]. The nitrate content in
the compost was assessed by a colorimetric technique using Reflectoquant® strips read by
a RQflex® 10 reflectometer (Merck, Darmstadt, Germany).

The phytotoxicity assay was carried out by assessing the germination rate of the
cress after the exposure of 20 seeds to 4 mL of aqueous compost extracts at three different
concentrations (50, 16.6 and 5 g L−1 of compost, dry weight). They were placed onto

114



Horticulturae 2022, 8, 632

blotting paper in Petri plates and incubated at 25 ◦C for 5 days. After incubation, the
number and root elongation of the seedlings were calculated in the germination index
(GI%) according to Formula (1).

GI% =
(N◦ Si)
(N◦ So)

× (RL Si)
(RL So)

× 100 (2)

where the number (N◦) and the mean root length (RL) of the germinated seedlings in both
the water control (So) and the ith compost eluate (Si) are taken in account, respectively.

The population levels of the filamentous fungi and the total, spore-forming and
pseudomonads-like bacteria in the composts were assessed by the plate counting of tenfold
(10−1 to 10−7) serial dilutions of water suspensions. Fungal colonies were grown on PDA
pH 6 and supplemented with 150 mg L−1 of nalidixic acid and 150 mg L−1 of streptomycin.
The total bacteria were counted on a selective medium (glucose 1 g L−1, proteose peptone
3 g L−1, yeast extract 1 g L−1, K2PO4 1 g L−1, agar 15 g L−1) supplemented with actidione
100 mg L−1. Peudomonads were counted on a selective agar medium without iron that
was supplemented with actidione [24]. Finally, spore-forming bacteria were counted on
Nutrient Agar [25] previously heated at 90 ◦C for 10 min.

Basal respiration was expressed as the CO2 release rate of 10 g (dry weight) of compost at
an 80% water holding capacity in a sealed 50 mL sterile plastic tube (Falcon, Oxnard, CA, USA),
as measured with the CO2 Analyser IRGA SBA-4 OEM (PP Systems, Haverhill, MA, USA).

The rate of hydrolysis of the Fluorescein diacetate (FDA) from the compost (2.5 g)
mixed with 0.2 M potassium phosphate buffered at pH 7.6 (15 mL) and then supplemented
with 0.5 mL FDA solution (2 mg mL−1) was assessed after 2 h of dynamic incubation
and after stopping the reaction by the addition of 15 mL CHCl3/CH3OH (2:1 vol.) with a
UV-Vis spectrophotometer (model UV-1800, Shimadzu, Canby, OR, USA) at 490 nm.

2.4. Analysis of the Molecular Carbon Components of Compost

The finely powdered compost samples were analyzed by solid-state NMR spectroscopy
(13C CPMAS NMR) on a Bruker AV300 Spectrometer equipped with a 4 mm wide-bore
MAS probe by packing the homogenized organic substrates in 4 mm zirconium rotors with
Kel-F caps. The technical parameters for the NMR acquisition were set as follows: a rotor
spin rate of 13,000 Hz, 2 s of recycle time, 1 ms of contact time, 30 ms of acquisition time and
4000 scans. A conventional composite shaped “ramp” pulse on the 1H channel was used for
the cross-polarization pulse sequence to account for the inhomogeneity of the Hartmann–
Hann condition at a high rotor spin frequency. The Fourier transform was performed with
a 4k data point and an exponential apodization of 200 Hz of line broadening.

Although the solid-state 13C CPMAS NMR is a powerful technique for the direct
investigation of natural organic matter, the analysis of complex solid matrices involves
the occurrence of unavoidable technical drawbacks, such as chemical shield anisotropy and dipolar
coupling effects, with a loss in signal resolution. Solid-state NMR spectra are therefore
characterized by a large signal broadening and an overlapping of carbon functionalities,
partly addressed by the application of magic angle spinning and high-power 1H decoupling.
Therefore, for the interpretation of solid state 13C NMR spectra, the different signals are
conventionally grouped into six extended chemical shift regions that are representative of
the main types of carbon functional groups: Alkyl-C: 0–45 ppm; Methoxyl-C: 45–60 ppm;
O-Alkyl-C: 60–110 ppm; Aryl-C: 110–145 ppm; Phenol-C: 145–160 ppm; and Carboxyl-C:
190–160 ppm.

The relative contribution of each spectral region was determined by integration
(MestreNova 6.2.0 software, [26]) and expressed as a percentage of the total area. The
molecular features of organic substrates can be summarized by calculating the dimen-
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sionless structural index [17,27]. The Alkyl ratio (A/OA) compares the relative intensity
between Alkyl-C and O-Alkyl-C (3):

A/OA =
(0 − 45 ppm)

(60 − 110 ppm)
(3)

The Hydrophobic Index (HB) corresponds to the comparison of hydrophobic apolar C
functionalities and potentially more hydrophilic polar functional groups (4):

HB =

[
(0 − 45 ppm) +

(45 − 60 ppm)

2
+ (110 − 160 ppm)

]
[
(45 − 60 ppm)

2
+ (60 − 110 ppm) + (160 − 190 ppm)

] (4)

The Lignin ratio (LigR) is based on the relation between the C distribution in Methoxyl-
C and the C-N region, as related to the O-Aryl-C components (5):

LigR =
(45 − 60 ppm)

(145 − 160 ppm)
(5)

The A/OA and HB indices are mainly used as references to determine the biochemical
stability of organic matrices and correlate the structural composition with the stabilization
processes of organic materials [28,29]. The Lig R ratio is a useful indicator to discriminate
between NMR signals due to lignin and other phenolic compounds (lower LigR) versus
the prevalent contribution of peptidic moieties (larger LigR) in the 45–60 ppm range of the
NMR spectra [17,30].

2.5. Statistical Analysis

All of the measured parameters were subjected to descriptive statistics. A two-way
ANOVA was applied to the results of the in planta suppression assays for each pathogen
to test the effects of the compost sample and sterilization treatment on the damping-off
percentage and to the phytotoxicity assay to test the effects of the compost sample and
eluate concentration on the cress germination index. The percentage data were arcsine
transformed to satisfy the normality assumption of distribution. A one-way ANOVA
was used to test for differences in the physico-chemical, chemical and microbiological
characteristics among the samples.

3. Results

3.1. Compost Suppressiveness

The composts showed varying levels of suppressiveness against the two target soil-
borne diseases (Figure 2).

All of the raw composts were able to significantly (p < 0.001) reduce the damping-off
caused by S. sclerotiorum on the cress in pot trials compared to the non-amended pots.
Furthermore, with the exception of P4 and P5, the composts kept the disease severity below
50%; P1 was the most suppressive, sharing a statistically comparable level of suppression
with a large group including P2 and P6 to P11. On the other hand, although Rhizoctonia
damping-off was significantly (p < 0.001) reduced in 7 out of 11 cases compared to the
control peat, the suppression was very low: only about 25% of the disease control capacity,
except for P1 and P2, which proved to be the best performing raw composts, achieving over
60% disease control. The sterilization of the P1 and P2 composts drastically cancelled out
suppression. Similarly, the sterilized composts P4, P5, P6, P8 and P9 significantly (p < 0.01)
lost the suppressiveness that was expressed when they were raw. Indeed, the two-way
ANOVA showed significant (p < 0.01) compost × sterilization interaction.
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Figure 2. Percentage of Sclerotinia (A) and Rhizoctonia (B) damping-off on cress seedlings in raw
(dark blue bars) and autoclaved (light blue bars) composts diluted into peat. Lowercase lettering
indicates significant differences (p ≤ 0.05), according to the Least Significant Difference post hoc test,
among both the raw and autoclaved samples. Asterisk indicates significant differences (p ≤ 0.05),
according to the Least Significant Difference post hoc test, between the raw and autoclaved samples
of the same compost.

3.2. Phyitotoxicity and Biological Properties of Composts

The cress germination test on the compost eluates showed the profiles of their phyto-
toxicity potential with, on average, a concentration-dependent behavior (Figure 3). Statistics
showed that the effect of the single factor, compost sample or concentration was significant
(p < 0.001), whereas no significant interaction was found between them (compost × concen-
tration). Composts P4 and P5 showed the lowest toxicity, as expressed by the germination
index percentage, at the highest concentration analyzed. In parallel, the eluates of P3, P6
and P7 showed intermediate values of the parameter between 50 and 100%. Passing to the
remaining composts, on average, lower germination index percentages were observed.

Table 3 shows the values of the main biological parameters measured on the composts.
The largest levels of FDA hydrolysis were recorded in P4 and P6, followed by P1, P2, P5
and P7, which, together, form the top cluster regarding this enzymatic activity. These
behaviors were not confirmed by the assessment of basal respiration, as the rate of CO2
release showed no significant differences among the samples. The population levels of
total fungi were statistically highest in P8 and P11, followed by P9, while the remaining
composts showed lower enumerations of culturable colonies. P9 showed the highest values
of the total bacterial population, followed by P5, P10 and P11. Heat-resistant bacteria were
significantly more numerous in composts P1, P2 and P4, while Pseudomonas-like bacteria
were more numerous in P8, P9 and P10.
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Figure 3. Germination index of cress seeds exposed to compost water extracts (P1 to P11) at
50 (dark blue), 16.6 (medium blue) and 5 g L−1 (light blue). Lower and uppercase lettering indicate
significant differences (p ≤ 0.05), according to the Least Significant Difference post hoc test, among the
concentration within the same sample and the sample within the same concentration, respectively.
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3.3. Chemical and Molecular Properties of the Composts

The composts showed sub-alkaline pH values (>8.0) and variable levels of electrical
conductivity. Similarly, nitrate availability showed values ranging from 2.13 ppm in P9 to
13.7 ppm in P6 (Table 3).

The 13C NMR spectra of the compost samples were characterized by an overall com-
position dominated by the aliphatic molecules of either alkyl-C or O-alkyl-C components
(Figure 4).

Figure 4. 13C-CPMAS-NMR of compost samples (P1–P11).
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The carbon distribution ranged from 21.6 to 43.6% and from 26.8 to 42.4% of the total
spectral area, respectively (Table 4). The various bands grouped beneath the 110–145 ppm
spectral interval are related to the unsubstituted and C-substituted nuclei of phenyl carbons
pertaining to the aromatic units of terpenoid, polyphenols, flavonoids and the lignin
components of plant tissues [31–33]. Moreover, the signals shown in the alkyl-C interval
(0–45 ppm) also include the various lipid compounds derived from plant tissues and the
microbial biomass [17]. The intense and broad bands centered around 30–33 ppm (Figure 4)
are related to the overlapping of different bulk methylene (CH2) segments of predominantly
straight-chain molecules of wax and cutin components [27,34], as well as those of cyclic
aliphatic components such as terpene derivatives and sterols derived from the aromatic
plant used in compost-starting biomasses [32,35].
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The shoulders evident at 39–40 ppm (Figure 4) can be also associated with CH2, tertiary
(CH) and quaternary (C-R) carbons in the assembled rings of terpenoid compounds [33,36].

The subsequent chemical shift region between 46 and 60 ppm, marked by the signal at
56 ppm (Figure 4), includes typical resonances found in plant-derived organic materials
consisting of the contribution of various groups represented by methoxyl substituents on
the aromatic rings of guaiacyl and syringyl units in lignin, or by C-N bonds in peptidic
moieties [17,27].

The various peaks in the O-alkyl-C region (60–110 ppm) are currently assigned to
monomeric units in the oligo and polysaccharide chains of plant tissues [28,30]. The less
intense shoulders at 62/64 ppm represent the out-of-plane carbon 6 of cyclic carbohydrate
conformation, followed by the sharp signal around 72 ppm due to the coalescence of the
chemical shift of hydroxylated carbons in position 2, 3 and 5 in the pyranoside structure,
whereas the band shift at 104 ppm is the di-O-alkyl frequency of anomeric carbons (Figure 4).
In addition to the monomers of the saccharide chains, the O-alkyl regions of the NMR
spectra may also include a contribution from the carbohydrate moieties of the glycosidic
components in the structures of the flavonoids of aromatic plants [31,37]. The reduced
evidence of carbon 4 involved in the β 1→4 glycosidic bond at 82/88 ppm suggested the
decomposition of the ether bond of the polysaccharides chain in composting processes, as
well as the incorporation of mannan, xylan and arabinan derivatives into the hemicellulose
structures of the initial fresh plant biomass [29,30].

The phenolic aromatic region (140–160 ppm) indicates the presence of O-substituted
ring carbon derived from various aromatic structures [17,28]. Finally, the wide peak at
174 ppm (Figure 4) indicated the presence of carboxyl groups in aliphatic and aromatic
acids, amide groups in amino acid moieties and acetyl substituents in the carbohydrate
components of hemicelluloses and flavonoids.

4. Discussion

The potential application of composts and organic materials in garden cress cultivation
has long been investigated with the aims to reduce peat in growing media [38], improve soil
properties [39] and upgrade the nutritional quality of yield [40]. On the other hand, cress is
also plentifully used in studies carried out to test the disease suppressiveness, maturity and
agronomic suitability of compost. The current paper presents a comprehensive examination
of bio-composts from aromatic plant residues applied to the soilless cultivations of cress as
a protective means against the most common soil-borne pathogens. The study revealed
that the feedstocks may affect compost features and functionality and provide benefits for
crop protection.

In view of composting, aromatic plant waste differs from other crop residues, mainly
because of its significant content of essential oil. This plant constituent is made up of a rich
mixture of compounds that generally exhibit marked antimicrobial and phytotoxic activity,
amplified by their volatility, lipophilicity and very low lethal concentration [41,42]. Essential
oils contained in aromatic plants may interfere with the dynamics of microorganisms
devoted to the composting, causing potential start-up difficulties, process slowdowns,
negative impacts on microbial development and, secondarily, prolonged phytotoxic effects
when the compost is applied to the plants [43]. However, the aware composting of these
vegetable matrices well assembled with other complementary ingredients, as a sound
remedy to modulate the cited microbial conditioning aspects, can lead to a high agronomic
and functional value-end product. From a circular economy perspective, however, the
removal/recovery of the essential oils from the raw material by means of hydrodistillation
is a further way of valorizing aromatic plant leftovers, drawing attention to the concept
of by-products [21]. This study, by examining the composts obtained from the raw and
oil-free aromatic matrices of different botanical origins, sheds light on the consequences for
the potential composts’ suppressive functions.

The bioassays unequivocally demonstrated a high ability to suppress Rhizoctonia and
Sclerotinia diseases on the cress of the raw composts P1 and P2, respectively obtained from
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the following two groups of ingredients: wood chips, escarole and a mixture of sage, basil,
mint and parsley and wood chips, 30% escarole and a mixture of essential oil-free sage, basil
and rosemary. Furthermore, after generating the biological vacuum in them by autoclaving,
the two high-performing composts lost their ability to stop the pathogenesis dynamics,
indicating the crucial role played by resident microorganisms in conferring biological
control properties. This is corroborated by the high levels of the general enzymatic activity
recorded by FDA hydrolysis, the respiration rate (although without statistical significance)
and microbial counting profiles. Interestingly, these two composts showed the highest
levels of thermal-resistant bacteria populations, including Bacillus-like cells, which are
widely reported among the main functional microbial groups conferring suppressiveness
to composts [44]. As matter of the fact, the composts assessed for suppressiveness in this
study were previously used as a useful source for the stepwise selection of new strains of
Bacillus spp. antagonistic to soil-borne pathogens [22]. In addition, the phytotoxicity of P1
and P2 was low, and the cress germination assay showed irregular behavior with the dose,
suggesting an antagonistic toxic/nutritional effect of eluates. The pot assays indicated
that R. solani is more difficult to control with suppressive composts than S. sclerotiorum,
likely due to the insidious nature of the pathogen and the residual phytotoxicity of the
non-suppressive composts that weaken the plant. This could correspond to a specific
mechanism—the suppressive activity slightly related to the population levels of the Bacillus-
like bacteria. On the contrary, against Sclerotinia damping-off, the success in biocontrol by
composts has been broader, although keeping the same pattern of the Rhizoctonia bioassay
regarding the most and the least suppressive ones.

There is no evidence about the modulating effects of the essential oil extraction
from feedstock on the levels of disease suppressiveness; rather, the ability to counter-
act pathogens seems to be more influenced by the botanical diversity of the ingredients
mixed into the pile. For example, both the mono-matrix composts of basil leftovers showed
the lowest suppressiveness. In contrast, both the raw and essential oil-extracted rosemary-
based composts showed a particularity to significantly increase suppressiveness after
sterilization, possibly indicating the release or formation of highly antifungal compounds
after heating. While the use of vapor heating may enhance the release of antimicrobial
components in aromatic plants [27], the metabolic products of rosemary, such as flavonoids
and phenolic derivates, show consistent thermal stability and bioactive performance upon
thermal treatment [45,46]. It is therefore conceivable that the preliminary autoclave ster-
ilization process of fresh biomass may have promoted the release of aromatic oligomers
during the composting of rosemary-based matrices, thus enhancing the suppressive activity
of the final processed composts.

Interestingly, on average, the greatest reduction in suppressiveness passing from the
raw to the corresponding autoclaved compost is observed in the multi-matrix composts,
suggesting a role of the carbon source complexity in the structure and functionality of the
developing microbial communities. From this perspective, although the EC, pH and nitrate
concentrations of the composts were in the typical range for green composts, the molecular
distribution of organic carbon along the samples reflect these considerations.

Despite the broadening of the signal produced by the CPMAS technique, the NMR
spectra of the compost samples allowed for an adequate evaluation of specific functional
groups related to the characteristic plant components in the different chemical shift regions.
The relative distribution of C in the chemical shift regions and the structural indices in
the NMR spectra of the compost samples suggest a differentiation of maturity into two
main groups based on the initial composition of the starting substrates. The inclusion of a
higher number of poplar residues (P1) and the exclusive use of the rosemary (P8, P9) and
sage (P10, P11) biomass promoted a significant incorporation of lipid compounds. On the
contrary, the halving of the structural fraction and the increase in fresh biomass, consisting
mainly in basil and parsley (P3, P4, P6), enabled the final prevalence of the carbohydrates
and polysaccharides. This is highlighted by the distinct values found for the comparison of
the aliphatic compositions carried out with the Alkyl ratio, while no significant differences
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were found in the overall relative distribution of the aromatic compounds. The larger
residual presence of carbohydrates in the basil and/or parsley-based composts, likely due
to the proliferative effects on harmful microorganisms [47], may explain the complete
absence and very low suppressiveness, respectively, in the P4 and P5 composts and in
the P6 and P3 composts, which also exhibited a lower germination index than the other
compost samples, as an indication of their low degradation.

The bioactive properties of composts in supporting crop development through bios-
timulation or suppressive effects are usually associated with the combination of microbial
composition and molecular characteristics [12,17,27]. Regarding chemical components,
although an unambiguous relationship between structure and activity has not yet been
clarified, the bioactive functionalities of compost and its derivates are mainly related to the
stage of humification and the content of humified fraction. These structural characteristics
are evidenced by increased stabilization properties summarized in the NMR analysis by the
Hydrophobic Index and Alkyl ratio [34]. The relative preservation of apolar compounds
during the dynamics of natural organic materials such as litter, soil organic matter, compost,
digestates, etc. are in fact closely correlated with the advancement of carbon stabilization
and the so-called humification process [29,34]. Bioactive properties are thus triggered by
depolymerized organic molecules released by the intense humification process, mainly
represented by aromatic and phenolic compounds and decomposed peptide moieties [48].
In contrast, the retention of more intact lignocellulose residues indicated the lower intensity
of humification and the reduced availability of less decomposed active fragments [30,49]. A
remarkable shared effect on the composting process was also shown by the biomasses sub-
jected to the preliminary removal of essential oils. Almost all the extracted final composts
showed a final composition characterized by an increase in the HB and A/OA indexes
and/or a decrease in the Lignin ratio compared to the corresponding non-extracted samples.
The trend of a decreasing Lignin ratio is related to the improved organic stabilization of
the composted biomass. In fact, despite the extraction of essential oils and the consequent
release of aromatic and phenolic compounds, which constitute the denominator of LigR,
almost all of the de-oiled mature composts showed a steady decrease in this structural
parameter. This change suggests the better fragmentation of the larger proteinaceous
material underlying the peak area at 45–60 ppm combined with the constant maintenance
or relative increase of the O-aryl-C signals of lignin fragments in the 145–160 ppm region,
thus leading to final LigR values in the extracted biomasses comparable to those usually
found in the humified fraction of stable mature composts [17,30]

Essential oils from aromatic plants are recognized as effective antioxidant and antimicrobial
agents with suppressive properties against a wide range of microorganisms [21,22,27]. It is
therefore conceivable that the preliminary extraction of the oil fraction may have favored
the development of microbial activity in processed biomass, thus promoting an organic
matter dynamic associated with compost humification.

5. Conclusions

The composting of aromatic plant residues is a suitable method to improve the cir-
cularity of this production chain and agricultural systems in general. The extraction of
the essential oil does not affect the suppressive functions, so feedstock without essential
oil, as well as raw materials, can potentially promote the formation of quality composts,
especially in a complex combination with ingredients of different botanical origins.

Cress cultivation can benefit from the application of suppressive composts to reduce
the dependence on fungicides for disease management and improve rapid soilless produc-
ing systems such as ready-to-eat salads and microgreens.
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Abstract: Finding new sustainable tools for crop protection in horticulture has become mandatory.
Giant reed (Arundo donax L.) is a tall, perennial, widely diffuse lignocellulosic grass, mainly proposed
for bioenergy production due to the fact of its high biomass yield and low agronomic requirements.
Some studies have already highlighted antimicrobial and antifungal properties of giant reed-derived
compounds. This study aimed at investigating the potential of a lignin-rich giant reed extract for
crop protection. The extract, obtained by dry biomass treatment with potassium hydroxide at 120 ◦C,
followed by neutralization, was chemically characterized. A preliminary in vitro screening among
several pathogenic strains of fungi and oomycetes showed a high sensitivity by most of the soilborne
pathogens to the extract; thus, an experiment was performed with the model pathosystem, Pythium
ultimum–zucchini in a growth substrate composed of peat or sand. The adsorption by peat and
sand of most of the lignin-derived compounds contained in the extract was also observed. The
extract proved to be effective in restoring the number of healthy zucchini plantlets in the substrate
infected with P. ultimum compared to the untreated control. This study highlights the potential of the
lignin-rich giant reed extract to sustain crop health in horticulture.

Keywords: giant reed; potassium hydroxide; lignin; Pythium ultimum; zucchini; Cucurbita pepo;
extract; soilborne; polyphenol; crop protection

1. Introduction

Soilborne plant pathogens are disease-causing agents belonging to several species
of fungi, oomycetes, bacteria, and nematodes that live in the soil as resting structures
on plant residues or also in the absence of the host for brief or extended periods. Once
established, soilborne pathogens accumulate in the soil leading to high yield losses, proving
difficult to control [1]. The management options of soilborne pathogens are limited [2].
Highly effective synthetic pesticides for soil treatment, such as the fumigant methyl bro-
mide, are no longer allowed, both in European countries and elsewhere, due to their
negative impact on the environment. In Europe, there are also restrictions under Reg. (EC)
No. 1107/2009 for the use of other soil fumigants: methyl isothiocyanate is not approved,
while the status of chloropicrin and 1,3-dichloropropene is currently pending. Moreover,
the fungicides for soil treatment, carbendazim and thiophanate methyl, are not approved
because of their toxic effect on human and animal health. Currently, soilborne disease
management is directed towards sustainable strategies including microbial products based
on antagonistic microorganisms, crop rotation, soil solarization, or breeding for resistant
plant varieties. However, none of these methods alone can effectively contain soilborne
diseases. Among other control means, plant extract and their essential oils have shown
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some efficacy against a number of plant pathogens. Indeed, plants contain several bioac-
tive compounds, such as phenols, flavonoid, quinones, and terpenes, have a defensive
function against biotic stresses [3]. In vitro studies showed that neem, garlic, and turmeric
extracts reduced the colony growth of Fusarium oxysporum and Rhizoctonia solani [4], while
extracts of plants belonging to the Asteraceae and Rubiaceae families reduced Fusarium solani
colony growth [5]. On muskmelon, the Fusarium wilt disease was suppressed by soil
treatment with extracts from pepper/mustard, cassia, and clove [6], while on cucumber
plants, leaf treatment with essential tea tree oil derived from Melaleuca alternifolia controlled
Sphaerotheca fuliginea, the agent of powdery mildew [7]. A combination of both foliar spray
and root drenching with a marine plant extract formulation from Ascophyllum nodosum effec-
tively reduced the cucumber fungal pathogens Alternaria cucumerinum, Didymella applanata,
F. oxysporum, and Botrytis cinerea [8]. Among sustainable alternative strategies for the
control of soilborne pathogens, Armorex and Fungastop are examples of natural-based
products that are commercially available in the USA [4].

Giant reed (Arundo donax L.) is a tall, rhizomatous, spontaneous perennial grass
that is probably native to the Mediterranean environment but also widely diffused in
many subtropical and temperate zones, with an invasive behavior [9]. Its use dates to
5000 BC by Egyptians who utilized the leaves as lining for grain storage and for wrapping
mummies. More recently, it was utilized to produce paper/cellulose/viscose, musical
instruments, stakes for plants or fishing rods, in addition to being considered an ornamental
species [10,11]. For its wide pedo-climatic adaptability and high productivity, even when
cultivated with low agronomic inputs [12], over the last decades this lignocellulosic species
has gained interest for bioenergy production through direct combustion of the biomass, or,
more recently, as feedstock for biorefinery to produce second-generation biofuel, biogas,
and other biobased products [13–15]. Notably, the rhizomes, leaves, and stems were
being utilized as traditional herbal remedies against several human pathologies; therefore,
that giant reed can also be considered a medicinal plant [11]. Interestingly, the scientific
literature reports an antimicrobial activity of giant reed extracts: an aqueous extract was
able to contrast the biofilm formation of Staphylococcus aureus [16], while a methanolic
extract showed the maximum effect among other extracts from medicinal plants against
Escherichia coli and Pseudomonas aeruginosa [17].

Few studies have investigated the possible antifungal activity of giant reed
lignocellulose-derived compounds: bio-oil obtained from giant reed pyrolysis showed
preservative properties when used to treat Scots pine wood against Basidiomycetes [18].
In another study, water-soluble compounds recovered from steam-exploded giant reed
during the bioethanol production process showed activity against fungal pathogens of
horticultural interest [19].

The biological activity of lignin and lignin-derived compounds has been further
studied: kraft lignin obtained from the delignification process of the paper industry was
able to inhibit the fungal plant pathogen, Aspergillus niger, as well as several microbial
human pathogens [20]. In addition, alkali-extracted lignin from maize residues of the
bioethanol industry showed an antimicrobial effect against Gram+ bacteria and yeasts [21].
A recent review illustrated the possibility to exploit lignin with its polyhydroxyphenol
network structure to produce innovative and sustainable agrochemicals, highlighting the
ability to promote seedling emergence and plant growth, improve soil quality, and enhance
plant resistance against phytopathogens and abiotic stresses [22].

This study aimed at investigating the potential of an innovative extract of giant reed
for possible use in horticulture in the context of sustainable plant pathogen management.
The extract, obtained after alkali treatment of the dry giant reed biomass, would contain
lignin and lignin-derived compounds that could exert biological activity towards microbial
pathogens of horticultural interest. This study moved from the chemical characterization
of the extract to the evaluation of its effectiveness when applied to a model pathosystem,
namely, the soilborne pathogen Pythium ultimum and zucchini (Cucurbita pepo L.), after a
preliminary in vitro screening among several fungi and oomycetes.
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2. Materials and Methods

2.1. Isolates of Fungi and Oomycetes

A total of 22 fungal and oomycetes isolates were preliminary tested in vitro for their
sensitivity to the giant reed extract. Table 1 reports the list of the species and the origin of the
different isolates used in the experiments. They were selected among soilborne and airborne
pathogens, wood decay fungi, and pathogenic or nonpathogenic Trichoderma species. Most
of them were previously isolated from infected tissues or soil samples at the laboratories
of the Council for Agricultural Research and Economics (CREA), Research Centre for
Agriculture and Environment of Bologna, Italy, or the Department of Agriculture and Food
Sciences (DISTAL) of the University of Bologna, and identified based on morphological
characteristics or molecular analysis. Wood decay isolates were purchased from public
collections or private providers.

Table 1. List of the fungal and oomycetes isolates assayed in the preliminary in vitro experiments.

Category Isolate Origin

Soilborne pathogenic
oomycetes and fungi

Pythium ultimum 16 Sugar beet
Pythium ultimum 22 Sugar beet
Phytophthora cactorum Strawberry
Ceratobasidium sp. RH3 Strawberry
Rhizoctonia solani DAF3001 Green bean
Sclerotium rolfsii 1 Sugar beet
Sclerotium rolfsii 2 Potato
Sclerotinia sclerotiorum MA3 Alfalfa
Phoma betae Sugar beet
Fusarium oxysporum L1 Tomato
Fusarium oxysporum 11.22 Tomato

Airborne pathogenic fungi

Botrytis cinerea 1 Strawberry
Botrytis cinerea 2 Green bean
Alternaria alternata 1 Potato
Alternaria alternata 2 Tomato

Wood decay fungi
Phanerochaete chrysosporium D85242T VTT, Finland
Trametes versicolor D83211 VTT, Finland
Pleurotus ostreatus Funghi Mara, Italy

Pathogenic
Trichoderma species

Trichoderma pleuroticola 488 P. ostreatus substrate
Trichoderma pleuroti 498 P. ostreatus substrate

Nonpathogenic
Trichoderma species

Trichoderma gamsii IMO5 Peach rhizosphere
Trichoderma afroharzianum B75 Sugar beet rhizosphere

All isolates were maintained on potato dextrose agar (PDA) medium in tubes at 4 ◦C
until use. The PDA medium was prepared as follows: filtered potato broth 1 L (obtained
boiling 200 g/L of potatoes in distilled water), supplemented with sucrose 10 g/L, and
technical agar nr 3 (Oxoid™, Thermo Fisher, Waltham, MA, USA) 12 g/L. The medium
was autoclaved at 120 ◦C, for 20 min.

2.2. Giant Reed Meal, Seeds, and Growth Substrate

The giant reed meal was obtained starting from winter-harvested plants collected
at the CREA experimental farm located at Anzola dell’Emilia (Bologna, northern Italy)
(Figure 1a,b); Table 2 shows the composition of the meal, obtained after milling and sieving
(<1.5 mm) the aboveground oven-dried parts, as reported in a previous paper [15].

Seeds of zucchini “Bolognese” (Cucurbita pepo L., Blumen Group S.p.A., Milano, Italy)
were used for the experiments.

As growth substrates, peat (Terraricca, Cifo srl, S. Giorgio di Piano, Bologna, Italy,
60% humidity, 0.5 g/cm3 density) and sterilized river sand (1.5 g/cm3 density) were utilized.
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Figure 1. (a) Giant reed plants at the growing stage; (b) plants at the end of the growth cycle. Pictures
were taken at the experimental farms of the Council for Agricultural Research and Economics (CREA),
Anzola dell’Emilia, Bologna, northern Italy (courtesy of Enrico Ceotto).

Table 2. Composition of the giant reed meal used in the experiments as reported in a previous
paper [15] 1. Standard deviations (sd) are reported in brackets (n = 3).

Composition Parameters Mean Values (sd)

Total solids (%DW) 2 95.51 (0.02)
Cellulose (%DW) 41.2 (1.5)
Hemicellulose (%DW) 22.5 (0.8)
Lignin (%DW) 10.9 (0.5)
Ash (%DW) 5.19 (0.01)
Total C (%DW) 44.6 (0.60)
Total N (%DW) 0.37 (0.05)
Total P (%DW) 0.05 (0.00)
C/N (mol/mol) 3 142 (21)
pH in water 5.4 (0.5)

1 Adapted with permission from Ref. [15]. 2022, Elsevier; 2 Percentage of dry weight at 60 ◦C; 3 C/N mol/mol
can be converted into C/N w/w by multiplying the former by 12/14 (C/N molar mass ratio).

2.3. Experimental Design

The workflow can be summarized as follows:

(A) Preparation and chemical characterization of a lignin-rich extract from giant reed
dry biomass;

(B) Preliminary tests:

- Toxicity tests of the extract towards fungi and oomycetes on poisoned PDA plates;
- Toxicity test of the extract towards P. ultimum in peat;
- Sensitivity tests of zucchini to the extract on filter paper, in peat, and in sand;
- Pathogenicity test of P. ultimum on zucchini in sand.

(C) Distribution analysis of the lignin-derived polyphenols in peat and sand treated with
the extract;

(D) Evaluation of the extract efficacy in the P. ultimum–zucchini pathosystem in a growth
substrate.
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2.4. Giant Reed Extract Preparation and Characterization

The extract was prepared by treating a slurry of the giant reed meal at 10% weight/
weight (w/w) in water with alkali (KOH 1.6% w/w in water) at 120 ◦C for 20 min; then, the
liquid fraction was collected by filtration under vacuum and stored at 4 ◦C. Just before use,
the extract was neutralized (pH 7) with appropriate amounts of H2SO4 72% (approximately
0.035 M SO4

2− final) operating under sterile conditions.
To calculate the dry weights of the insoluble and soluble fractions, samples of the

alkaline slurry were centrifuged (10 min, 2000 rcf, Allegra X-22 Beckman Coulter); then,
the insoluble fraction (three-fold washed) and supernatants (liquid fraction) were dried at
105 ◦C until constant weight.

Water and total solids were determined according to ISO 12880; ashes and volatile
solids according to ISO 12879; pH according to ISO 13037; electrical conductivity according
to ISO 13038; total P and K according to Reg CE 2003/2003, met. 3.1.1 and met. 8.1,
respectively.

Total organic C was determined according to national regulation DM 21/12/00, Suppl
n. 6 [23]. C and N content were determined after elemental analysis by a LECO Truspec®

CHN Analyzer (LECO Corporation; Saint Joseph, MI, USA), and the C/N ratio was
calculated accordingly.

Free reducing sugars were quantified by the 3,5-dinitrosalicylic acid (DNS) method [24]
adapted for 96-well microplates in duplicates [25]. A mix of glucose and xylose (1:1) was
included as standards. Briefly, the assay conditions were citrate buffer 50 mM, pH 4.8,
5 min, 95 ◦C.

The hydrolysable holocellulose content was calculated by dividing by a correction
factor of 1.12 of the amount of reducing sugars released in solution after enzymatic sacchar-
ification of the giant reed extract to account for the addition of water during hydrolysis. In
detail, a sample of 10 mL of extract was saccharified in 15 mL tubes (in triplicate) using
the following conditions: citrate buffer 50 mM, pH 4.8, sodium azide (0.2 mg/mL), and
enzymes (SAE0020, Sigma-Aldrich, St. Louis, MO, USA) at a cellulase load of 25 FPU/g
DW of the substrate. Tubes were continuously mixed in an orbital shaker (200 rpm, 2 mm
radius, 50 ◦C, 120 h). Reducing sugars were quantified by the DNS method described
above. Dilutions of the enzyme mix were included as a control.

Lignin-derived polyphenols were quantified by a spectrophotometric analysis as
alkali lignin equivalents. In detail, a calibration curve was constructed using dilutions
containing known amounts of alkali lignin (Lignin, alkali 370959, Sigma-Aldrich) dissolved
in a strongly alkaline solution (KOH 16 g/L). Absorbance values were recorded between
280 and 420 nm, with 2 nm intervals to calculate the area under the curve (AUC). The
AUC is directly proportional to the concentration (g/L); thus, the polyphenol concentration
in the diluted samples (DPC) could be determined. Immediately before analysis, liquid
samples were opportunely diluted with an alkaline solution (KOH 16 g/L), recording the
dilution factor (DF), then briefly centrifuged, and analyzed by a spectrophotometer (Infinite
200 PRO series, Tecan) in 96-well microplates (EIA/RIA Clear Flat Bottom Polystyrene
Not Treated Microplate, 3591, Corning, Corning, NY, USA) to determine the polyphenol
concentration in terms of alkali lignin equivalents. The same KOH solution used to prepare
the dilutions was included as a blank. The polyphenol content in undiluted samples (UPC)
as g/L was calculated according to the formula:

UPC = DPC × DF (1)

Data reported are the mean of 3 experiments.

2.5. Toxicity Tests of the Extract towards Fungi and Oomycetes

A dose-response assay was performed in Petri dishes with five doses (i.e., 0, 10, 20, 40,
and 80%, volume/volume, v/v) of the giant reed extract towards 22 fungal and oomycetes
strains. After neutralization (pH 7) with H2SO4, the extract was slowly warmed up to
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40 ◦C and mixed, under sterile conditions, to PDA medium, previously autoclaved and then
cooled to 60 ◦C, to obtain the extract doses of 0, 10, 20, 40% v/v. To prepare the 80% dose, a
SeaKem LE agarose (Cambrex, East Rutherford, NJ, USA)-based medium, supplemented
with an appropriate amount of concentrated sucrose solution, was used instead of PDA to
guarantee proper gelling. The final sucrose and agarose concentrations in the 80% dose
were 10 and 12 g/L, respectively, as in the PDA. The amended substrates were poured into
Petri plates (90 mm in diameter) and centrally inoculated with one agar-mycelium plug
taken from the edge of actively growing colonies of the isolates (3 replicates). PDA and
PDA supplemented with 5 g/L K2SO4 were included as controls, since the extract after
neutralization with sulphuric acid contained an equivalent amount of sulphate.

Plates were incubated at room temperature (22 ◦C). For each plate, two perpendicular
colony diameters were measured and averaged after 3–7 days of incubation, depending
on the isolate, just before the colony reached the plate edge in the corresponding control
(PDA). The growth inhibition percentage was calculated according to the formula:

I (%) =
C − T

C
× 100 (2)

where I (%) is the inhibition percentage of the colony growth, C is the averaged diameter
(mm) of the pathogen colony in the control, and T is the averaged diameter (mm) in the
amended plate.

For selected isolates, the half-maximal inhibitory concentration (IC50) was calculated
after probit linearization of the growth inhibition values I (%). Data were obtained from
2 independent experiments, with 3 replicates for each dose.

The plugs of the isolates showing 100% growth inhibition were transferred onto PDA
plates and further incubated for up to 15 days to verify fungistatic/fungicidal effects.

For Sclerotium rolfsii and Sclerotinia sclerotiorum, after 20 days of incubation, the number
of sclerotia produced in the amended and control plates (3 replicates) as well as their
sensitivity were also recorded. To test the sensitivity, the sclerotia were collected, dried onto
sterilized filter paper, and rehydrated again on filter paper imbibed with 2 mL of extract at
the doses of 0 (distilled water, control), 20, 40, and 80% for 24 h. The imbibed sclerotia were
transferred into 96-well microplates on PDA supplemented with streptomycin 500 μg/mL
(1 sclerotium per well, 28 sclerotia per each dose and control). After 48 h incubation at room
temperature, the percentage of germinated sclerotia was counted by visual observations
under a stereomicroscope. The test was repeated.

2.6. Toxicity Test of the Extract towards Pythium ultimum 22 in Peat

The experiment was conducted in a greenhouse at DISTAL, in plastic trays (16 × 14 ×
10 cm) filled with 500 g of peat (60% humidity), at temperatures of 21–24 ◦C, and under
artificial lightning (16/8 h light/dark). The pathogen inoculum was prepared by finely
mincing 72 h old colonies grown on a PDA medium with sterile distilled water [26]. Peat
in each tray was evenly inoculated with 100 mL of the pathogen suspension at 2% w/w
(4 replicates) and covered with a plastic bag. Three days after incubation in the dark, the
peat was treated with the extract by irrigation (250 mL per tray, undiluted dose), then
covered with plastic bags and further incubated for 48 h in the dark. Nontreated trays
(control) received the same volumes of distilled water. In order to check the fungitoxic effect
of the extract against P. ultimum, portions of treated-inoculated and untreated-inoculated
(control) peat were sampled (3 g per tray, 12 g per treatment pooled together). For each
treatment, 10 g of peat were utilized to determine the dry weight at 105 ◦C, while the
remaining 2 g were stirred in sterile distilled water. Then, 1 mL of the dilutions 1:100
and 1:1000 (w/w) was plated on a semi-selective medium (PARP) [27] in Petri dishes. The
characteristic pathogen colonies were visually counted after 48 h of incubation at 19 ◦C
to determine the number of colony-forming units per gram of peat on a dry weight basis
(CFU/g DW) (3 replicates).
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2.7. Sensitivity Test of Zucchini to the Extract

Considering that the effectiveness of the extract would be evaluated in the pathosystem
P. ultimum–zucchini, it was first examined if the extract could have any effects on zucchini
seed germination and seedling growth. The sensitivity of zucchini to the extract was tested
on filter paper, peat, and sand.

Test on filter paper. The test was conducted on Petri plates (90 mm in diameter). Ten
seeds per plate were positioned between two disks of sterile filter paper, each imbibed
with 5 mL of distilled water (dose 0%, control) or the extract at the doses of 20, 40, 60, and
80% v/v, 4 replicates. Plates were incubated at 25 ◦C for 7 days in the dark/light (8/16 h),
when the number of normally germinated seeds according to standard procedures [28] and
the rootlet length were recorded. The normal seedlings were oven-dried (105 ◦C, 48 h) up
to constant weight to determine the dry weight.

Test in peat. This test was conducted in aluminum trays (10.5 × 8 × 4.5 cm) with
holes in the bottom, filled with 50 g of peat (100 mL final volume), soaked with 25 mL
of undiluted extract (prepared as reported in Section 2.4) or water (control), and covered
with plastic film, 3 replicates. The 25 mL volume represented the highest dose that could
be absorbed by 50 g of peat. After 48 h incubation at room temperature (22 ◦C), the trays
were watered once with 25 mL of distilled water with the aim of partially removing the
extract to reduce its potential phytotoxicity. Then, ten seeds per tray were sown, the
trays were covered with transparent plastic film and incubated at 25 ◦C for 11 days in the
dark/light (8/16 h). Finally, the percentage of normal seedlings according to standard
procedures [29] was recorded, and the root apparatus development was visually compared
to the untreated control.

Test in sand. This assay was performed in trays as above, filled with 300 g of sterile dry
river sand moistened with 50 mL of water (200 mL final volume). The trays were treated
with 40 mL of undiluted extract (prepared as reported in Section 2.4) or water (control),
3 replicates, and covered with plastic film. The 40 mL volume represented the highest
dose that could be absorbed by 300 g of sand. After 48 h incubation at room temperature
(22 ◦C), the trays were watered 4 times with 25 mL of water, aimed at partially removing
the extract as specified above for peat. Ten seeds were sown in each tray, incubated at
20 ◦C for 14 days in the dark/light (8/16 h), and covered with transparent plastic film. Fi-
nally, the percentage of normal seedlings was recorded according to standard procedures [29],
and the root apparatus development was visually compared to the untreated control.

For both the tests in peat and in sand, the substrate and the liquid percolated from
the trays after watering were sampled for lignin-derived polyphenol analysis as described
below (Section 2.9).

2.8. Pathogenicity Test of P. ultimum 22 towards Zucchini

The isolate P. ultimum 22 was checked for pathogenicity towards zucchini “Bolognese”.
The inoculum was prepared as described above (Section 2.6). Aluminum trays (10 ×
8 × 4.5 cm) filled with autoclaved river sand (300 g) were inoculated with the pathogen
(0.7% w/w) suspended in 50 mL of water, 3 replicates. Non-inoculated trays were included
as the control. Each tray was sown with ten seeds and incubated at 20 ◦C in a growth
chamber (16/8 h light/dark) for 11 days. After incubation, damping-off symptoms were
checked, and the percentage of non-symptomatic plantlets was recorded.

2.9. Determination of the Lignin-Derived Polyphenols in Treated Peat and Sand

To determine the fate of water-soluble polyphenols in peat and sand treated with the
giant reed extract (Section 2.7) a spectrophotometric analysis was performed (Section 2.4),
quantifying the input amount (i.e., endogenously present in the substrate (END) plus ex-
ogenously added with the extract (EXO)) and its distribution after watering (i.e., percolated
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out of the tray (PER), free in solution (FREE), and adsorbed to the substrate (ADS)). This
latter was calculated by difference according to Equation (2):

ADS = END + EXO − PER − FREE. (3)

Calculations were performed on a fresh weight (FW) basis, accounting for each frac-
tion’s total weight per tray. Then, the data obtained were converted and presented per liter
of substrate (accounting for density). This choice allowed for a better comparison between
peat and sand substrates characterized by very different density values.

Sampling and analysis. A total of 5 g FW of each substrate (peat or sand) treated with
the extract or untreated (Section 2.7) was randomly collected soon after tray watering,
then diluted 1:5 in water and centrifuged. Supernatants were filtered through 1 μm
syringe filter and stored at 5 ◦C before analysis. The extract and the liquid percolated
from treated and untreated trays after tray watering were carefully collected and weighted.
Then, convenient samples were centrifuged, filtered, and stored at 5 ◦C before analysis.
Samples were opportunely diluted with an alkaline solution (KOH 16 g/L), recording
the dilution factor (DF), briefly centrifuged, and analyzed for the polyphenol content
(DPC) as described in Section 2.4. The lignin-derived polyphenol content (grams of alkali
lignin equivalents/grams of sample) in undiluted sampled materials (UPCMs) was thus
calculated according to the Formula (4):

UPCM = Undiluted sample specific volume × DPC × DF, (4)

where the undiluted sample specific volume corresponds to the reciprocal of its density in
g/L (previously measured).

2.10. Assessment of the Extract Efficacy in the P. ultimum 22–Zucchini Pathosystem

The experiment was performed in a growth chamber at CREA using river sand as
a model growth substrate, because in this substrate, the partial removal of the extract
resulted in more efficiency. The sand was distributed in aluminum trays, inoculated with
the pathogen (0.7% w/w), and then treated with the extract utilizing the protocols described
above (Section 2.6 for inoculum preparation and Section 2.7 for the extract treatment).
Four treatments were compared according to a completely randomized block design with
4 replicates (trays): (1) inoculated with the pathogen and treated with the extract; (2) non-
inoculated and non-treated control; (3) non-inoculated and treated control; (4) inoculated
and nontreated control. Three days after the treatment, the trays were watered with the
aim of partially removing the extract and then sown with ten seeds each. All trays received
the same amount of liquids.

Eleven days after sowing, samples of 40 g of sand per thesis were collected (10 g per
replicate, then pooled) to determine the extract’s fungitoxic effect on the pathogen CFU. For
each thesis, the dry weight at 105 ◦C was determined on 38 g of sand, while the remaining
2 g were suspended in distilled water and utilized for serial dilutions on PARP medium in
Petri dishes (3 replicates) to determine the number of CFU/g of the pathogen, as already
described (Section 2.6).

Thirteen days after sowing, the number of healthy plantlets was recorded, the root
apparatus was checked, and the total dry weight was determined after oven-drying at
105 ◦C. The experiment was repeated.

2.11. Statistical Analysis

Depending on the experimental design, data were submitted to one-way or two-way
analysis of variance, after arcsine transformation of percentage data. Means were separated
by Tukey’s test at p ≤ 0.05 significance level. All analyses were performed with PAST
4.09 program.
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3. Results

3.1. Extract Characterization

The results of the neutralized extract of giant reed were rich in lignin-derived polyphe-
nols and potassium but low in nitrogen. It was also characterized by a C/N ratio of 63,
the presence of phosphorus, and small amounts of holocellulose and free reducing sugars.
(Table 3).

Table 3. Characterization of the giant reed extract obtained by treating a slurry of dry meal
(10% weight/weight in water) with alkali (KOH 1.6% weight/weight in water) at 120 ◦C for
20 min after filtering and neutralization with H2SO4. The standard deviation (sd) of the mean
is reported in brackets (n = 3 experiments).

Composition Parameters 2 Mean Values (sd)

Water (%FM 1) 94.7 (0.2)
Total solids (TS 2) (%FM) 5.3 (0.2)
Volatile solids (%FM) 2.6 (0.1)
Ashes (%FM) 2.7 (0.1)
pH in water 6.5–7.2
Electrical conductivity (S/m) 0.30 (0.01)
Total P (%FM) 0.009 (0.002)
Total K (%FM) 0.84 (0.02)
Total organic C (%FM) 2.0 (0.1)
C (% TS) 36 (0.5)
N (% TS) 0.57 (0.1)
C:N ratio (weight/weight) 63 (10)
Hydrolysable holocellulose (%FM) 0.42 (0.02)
Free reducing sugars (%FM) 0.14 (0.04)
Lignin-derived polyphenols (%FM) 3 1.7 (0.15)

1 FM: fresh matter; 2 TS: total solids; 3 obtained by dividing the measured concentration (g/L) of alkali lignin
equivalents by 10.

Moreover, the presence of sulphate equivalent to 5 g/L K2SO4 was estimated based
on the amount of sulphuric acid used for the extract neutralization.

The electrical conductivity value (0.3 S/m) was largely determined by K and sulphate ions.

3.2. Toxicity of the Extract towards Fungi and Oomycetes

The fungal and oomycetes isolates tested in vitro showed a differential response to-
wards the doses of the giant reed extract, variable from sensitivity to stimulation, depending
on the species and sometimes also on the isolate (Figure 2a). No significant differences in
colony growth were observed between PDA and PDA amended with K2SO4 (Figure 2a);
thus, all the data are expressed as the percentage of the control on PDA. Figure 2b shows
a test of growth-recovery for different isolates performed transferring on unamended
medium mycelium plugs that appeared completely inhibited on substrate amended with
the giant reed extract.

Among the soilborne pathogens (Figure 3a,c), Phoma betae and Fusarium oxysporum
L1 and 11.22 grew well, even in the presence of the highest extract dose, and the former
was also highly stimulated compared to the control, up to a 40% dose (Figure 3c). Apart
from these three isolates, the growth of the other soilborne isolates was gradually inhibited,
partially or totally, with the increasing extract doses (Figure 3a). At an 80% dose, Rhizoctonia
solani, Ceratobasidium sp., and S. sclerotiorum still showed growth values of 29, 29, and
13% of the control, respectively (Figure 3a,c). Phytophthora cactorum was the unique isolate
showing a complete growth reduction from a 20% dose. Both P. ultimum isolates were
highly inhibited at a 40% dose and did not grow at all at 80%, with the isolate 22 appearing
more sensitive than 16 at the intermediate doses (Figure 3a). A strong effect was observed
with S. rolfsii since the colony growth of both isolates was highly inhibited from the 20% and
stopped from the 40% dose (Figure 3a). Two weeks later, sclerotia production by these two
isolates was also significantly reduced at a 40% dose; differently, S. sclerotiorum continued
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to produce sclerotia up to the maximum tested dose, even with a significant reduction
with respect to the other doses (Figure 3b). However, all the sclerotia produced by S. rolfsii
1 and 2 and S. sclerotiorum grown on extract-amended PDA were able to germinate when
transferred on the unamended substrate.

Figure 2. (a) Effect of the increasing doses of the giant reed extract on the colony growth of a
representative isolate (Sclerotium rolfsii); (b) test of the growth-recovery of different isolates on
unamended medium after the occurrence of total inhibition on substrate amended with the giant
reed extract.

Among the airborne pathogens, the two isolates of Botrytis cinerea behaved differently:
the growth of the isolate 1 was gradually inhibited, while the isolate 2 was highly stimulated
at the 20 and 40% doses, compared to control; nevertheless, both were almost completely
inhibited at the highest dose (Figure 3d). Only one of the two isolates of Alternaria alternata
(2) showed sensitivity to the extract, with a gradual growth inhibition up to 58% at the
80% dose. On the contrary, isolate 1 of A. alternata did not show any inhibition, even at
the maximum dose, compared to the control, and it was also highly stimulated at the
intermediate doses (Figure 3d).

The two nonpathogenic Trichoderma species (i.e., T. gamsii and T. afroharzianum) were
gradually inhibited up to a complete stopping at the 80% dose (Figure 3e). Among the
two pathogenic Trichoderma species, T. pleuroti behaved similarly to the nonpathogenic
ones, while T. pleuroticola showed a growth reduction at the 40% dose, but it was never
completely inhibited even at the maximum dose, still showing a growth of 31% compared
to control (Figure 3e).

The white-rot fungi Trametes versicolor and Phanerochaete chrysosporium showed high
sensitivity to the extract since their growth was dramatically reduced already at the 20%
dose and stopped at 40% (Figure 3f). By contrast, the other wood decay agent, P. ostreatus,
showed a moderate inhibition at this dose (33%), but it was completely inhibited at the
dose of 80% (Figure 3f).

To further determine the extract’s effect, the mycelium plugs that did not show any
growth were collected and transferred on unamended PDA as shown in Figure 2b. Inter-
estingly, almost all of the mycelium plugs were able to regrow, except those of S. rolfsii 2,
P. ultimum 16, and P. ultimum 22, meaning that the inhibitory effect was irreversible for
these isolates. Thus, P. ultimum 22 was selected for further experiments, also due to the
higher sensitivity to the intermediate doses of the extract compared to isolate 16 (Figure 3a).
This was also confirmed by the calculated IC50 values, which corresponded to a dose of
17.2% ± 0.1 and 23.5% ± 1.3% v/v, respectively.

The sensitivity of P. ultimum 22 to the extract was also confirmed in peat: 48 h after the
treatment, the number of CFU/g peat DW was significantly reduced by 62% in infected
+ treated trays, while it did not vary significantly in the untreated trays (only infected)
(Table 4). This is in accordance with the statistically significant interaction time × treatment
found after two-way ANOVA.
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Figure 3. Screening of a collection of fungi and oomycetes for sensitivity to the giant reed extract in
PDA plates amended with increasing doses of the extract (% volume/volume, v/v). Colony growth
of (a,c) soilborne pathogens; (d) airborne fungi; (e) pathogenic and nonpathogenic Trichoderma spp.;
(f) wood decay fungi. Panel (b) shows the sclerotia production by Sclerotium rolfsii and Sclerotinia
sclerotiorum. Both the parameters (i.e., colony growth and number of sclerotia per plate) are expressed
as a percentage of the control (0% dose). For each isolate, mean values sharing the same letter were
not different at p < 0.05 according to Tukey’s test after one-way ANOVA (n = 3). See also Tables S1
and S2 in the Supplementary Materials reporting mean and standard deviation values.
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Table 4. Number of colony-forming units (CFUs) of Pythium ultimum 22 per gram of peat, on a dry
weight basis, retrieved from the trays infected and treated with the undiluted giant reed extract,
before and after the treatment (at 0 and 48 h) in comparison with the infected and nontreated trays.

Treatment (CFU × 105/g Peat Dry Weight) 1

Time from Treatment (h) Infected Infected + Treated

0 0.91 ab 2 1.22 a
48 1.09 a 0.47 b

1 Two-way ANOVA results: time (p < 0.05); treatment (not significant); time × treatment (p < 0.05); 2 Means in
rows or columns followed by the same letter did not differ significantly according to Tukey’s test (p < 0.05).

3.3. Sensitivity Test of Zucchini to the Giant Reed Extract

Test on filter paper. The extract negatively affected the germination of zucchini seeds
on filter paper (Figure 4). The percentage of normal seedlings gradually decreased from
90% in the control down to 42% at the 40% dose. Complete inhibition was observed at the
60% dose. The root length and the dry weight were significantly reduced, as well, with the
increasing doses (Figure 4).

Figure 4. Effects of increasing doses (% volume/volume, v/v) of the giant reed extract on the
germination of zucchini seeds, on filter paper, measured as a percentage of normal seedling, rootlet
length, and total dry weight. Means labelled with the same letter within the same parameter did not
differ for p ≤ 0.05 (Tukey’s test after one-way ANOVA). Bars represent standard deviation values.

Test in peat and sand. The use of the undiluted extract in peat and sand, followed by
watering, did not reduce the emergence percentage of zucchini compared to untreated
control, even if a slight but not statistically significant (p ≥ 0.05) decrease was observed
from 87 to 70% and from 97 to 83% in peat and in sand, respectively (Table S3). Thus, the
watering step in peat and sand before sowing was effective in minimizing the inhibitory
effect of the extract on the germinating seeds previously observed on filter paper.

3.4. Lignin-Derived Polyphenol Distribution in Peat and Sand

Figure 5 shows the distribution of lignin-derived polyphenols in peat compared to
sand, both treated with the giant reed extract in tray experiments.

The analysis showed the presence of endogenous water-soluble polyphenols in the
peat (shaded orange bar), while endogenous polyphenols were not detected in sand, as
expected. The extract provided 3.3–3.6 g polyphenols per L substrate (exogenous). Watering
did not remove completely the extract, but unexpectedly, both in the case of peat and sand,
most of the polyphenol amount remained adsorbed to the substrate and only a relatively
small amount remained free in solution. However, watering determined a relevant removal
of polyphenols in sand only (percolated), corresponding to 33% of the added extract
(exogenous) (Figure 5).
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Figure 5. Distribution of lignin-derived polyphenols in peat and sand treated with undiluted giant
reed extract in tray experiments. Columns represent the quantity of polyphenols in input (endoge-
nously present in the substrate or exogenously added with the extract) and after watering (adsorbed
into the substrate, free in solution, or percolated out of the tray). Bars represent standard deviation
values (n = 3).

3.5. Extract Efficacy in the P. ultimum 22–Zucchini Patho-System

In a preliminary pathogenicity test, P. ultimum 22 was particularly aggressive to-
wards zucchini, being able to attack the germinating seeds and reduce the emergence by
63.4% compared to the control. In addition, the development of the root apparatus in the
inoculated trays appeared markedly reduced (Figure 6).

Figure 6. Pathogenicity test of Pythium ultimum 22 towards zucchini plantlets. Effect of development
reduction of the root apparatus in plantlets from the inoculated trays (right) compared to the non-
inoculated control (left).
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In the experiment with the pathosystem, the treatment with the extract did not reduce
the percentage of healthy plantlets compared to the control in the non-inoculated trays
(Figure 7a). The pathogen infection instead halved the percentage of healthy plantlets (from
85 to 39%), while the treatment with the extract restored the percentage of healthy plants
up to a value of 73%, which was not statistically different from the noninfected controls
(Figure 7a). Moreover, the treatment with the extract significantly reduced the pathogen
CFU/g by 90% compared to the control, measured 14 days after the treatment (Figure 7b).

Figure 7. Effects of the treatment with the undiluted giant reed extract on the Pythium ultimum
22–zucchini pathosystem in sand: (a) percentage of healthy plantlets of zucchini in the infected and
treated trays (yellow column) compared to the different controls (i.e., healthy, infected, or treated)
16 days after the treatment; (b) number of colony-forming units (CFUs) of P. ultimum 22 per g of sand
dry weight (DW) in the infected and treated trays (yellow column) in comparison with the infected
control, 14 days after the treatment. Bars represent the standard error of the mean. Columns labelled
with the same letter did not differ for p ≤ 0.05 (Tukey’s test after one-way ANOVA).

Finally, the root apparatus of plants collected from the treated trays showed a develop-
ment similar to that of the control, while it appeared reduced in the infected trays (Figure 8).
Notably, the infected and treated plantlets showed a well-developed root apparatus if
compared to that of the controls (Figure 8).
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Figure 8. Effects of the treatment with the undiluted giant reed extract on the Pythium ultimum
22–zucchini pathosystem in sand. Plantlet development in the infected and treated trays (on the
right) compared to the different controls (i.e., healthy, treated, or infected) 16 days after the treatment.

4. Discussion

4.1. Extract Characterization

The giant reed extract obtained by treating the giant reed dry biomass with potassium
hydroxide can be considered a liquid organic amendment with possible ameliorative effects
on the physicochemical characteristics of the soil.

Due to the high content of soluble lignin-derived compounds, the extract’s application
to the soil could improve soil physical characteristics while increasing C sequestration.
Application of lignin provided a film-forming liquid mulch with the effect of improving soil
aggregates, warming, preserving soil moisture, and protecting seedlings. [22]. In addition,
soil pH, organic matter, cation exchange capacity, and available P and K can be increased
by lignin amendment. Lignin application to arable soils also reduced the accumulation of
heavy metals Cu, Zn, Cd, Pb, Cr, and Ni in wheat plants [30].

As a soil amendment, the use of an extract with low N content like this would not
cause N leaching in areas where mandatory limits exist [31]; such a low N level was due to
the plant harvesting at the end of the growth cycle when most of the nitrogen contained
in the aboveground biomass had been translocated to the sink (rhizomes) for regrowth in
the following season [32]. If needed, the N content of the extract can be easily increased by
harvesting younger giant reed plants, which contain a high N level [12]. Thus, it is possible
to modulate the fertilizing properties of the extract by utilizing plants harvested at different
growth stages.

The electrical conductivity value of the extract (0.3 S/m) was far below the values
of other organic fluids used as a soil amendment, for instance, the olive mill wastewaters
(1 S/m) [33]. This confirms the possible use of this extract as a soil amendment.

The use of potassium hydroxide for the alkaline extraction, instead of another alkali
(i.e., NaOH), enriched the extract with potassium, providing the extract with additional
potential fertilizing properties. The use of KOH to pretreat the lignocellulosic biomass
before anaerobic digestion for biogas production has been already proposed in the literature
aiming to obtain a coproduct (digestate) with a high fertilization value [13,34].

Since nutrients can also affect disease resistance, K and P provided with the extract
may also exert additional beneficial activities; K may promote the development of thicker
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outer walls in epidermal cells, thus preventing disease attack, while P may promote a
vigorous root development permitting seedlings to escape the disease [35].

4.2. Toxicity of the Extract towards Fungi and Oomycetes

The giant reed extract contains biologically active compounds as shown by the broad
fungitoxic activity observed in the screening of different species of fungi and oomycetes
of agricultural interest. This biological activity could be related to the presence of lignin
or soluble lignin-derived phenolic compounds, generated by the biomass treatment with
potassium hydroxide. Indeed, the alkali used to obtain the extract removes the cross-links
among xylan, lignin, and other hemicelluloses by solvation and saponification of the ester
bonds and also further degrades lignin into different phenolic compounds [36,37].

The antimicrobial activity of lignin obtained from alkali-treated lignocellulosic feed-
stocks has already been reported in the literature: kraft lignin obtained from the paper
industry by alkali treatment of spruce and eucalyptus showed strong activity against a
range of human microbial pathogens and against the fungal plant pathogen Aspergillus
niger [20]. Antimicrobial effects on Gram+ bacteria and yeasts have also been reported
for alkali-extracted lignin from lignocellulosic maize biomass [21]. The antifungal activity
of lignin-related phenolic compounds was investigated by a large in vitro screening that
highlighted a higher toxicity towards true fungi (excluding Zygomycetes) than mitosporic
ones [38].

In addition to lignin and derived compounds, the giant reed extract utilized in this
work may also contain other bioactive molecules with antifungal properties. Indeed, high-
temperature treatment of giant reed can generate a mixture of water-soluble compounds
(such as furfural, 5-hydroxymethylfurfural, acetic, and formic acid) that have shown
inhibitory activity towards pathogenic fungi of agricultural interest such as A. alternata,
B. cinerea, Colletotrichum acutatum, Cladosporium fulvum, F. oxysporum f. sp. lycopersici, F.
oxysporum f. sp. melonis, F. solani f. sp. pisi, and V. dahliae [19].

Surprisingly, the wood pathogens tested in our study (i.e., P. chrysosporium, T. versicolor,
and P. ostreatus) resulted among the most sensitive isolates tested, while a good tolerance
to lignin-derived compounds was expected since these strains can utilize lignin as a carbon
source [39]. This finding suggests the possible presence of different kinds of inhibitory
compounds in the giant reed extract.

Soilborne pathogens also appeared highly sensitive to the extract in the in vitro ex-
periments; thus, we decided to verify, firstly, the giant reed extract’s toxicity against
P. ultimum 22 inoculated in a peat substrate and then its efficacy in the pathosystem model,
P. ultimum–zucchini, in view of possible use in horticulture.

The two nonpathogenic Trichoderma isolates, representing the beneficial soil microflora,
showed tolerance at low-extract doses. Notably, the ability of Trichoderma to tolerate and/or
recover after soil treatment with fungitoxic compounds is well supported [40,41]. Therefore,
it is possible that a soil treatment with the giant reed extract should not have a detrimental
effect on soil Trichoderma species, in principle, but dedicated experiments in bulk soil should
be performed to verify this effect.

4.3. Sensitivity of Zucchini to the Giant Reed Extract

The high sensitivity shown by zucchini in the filter paper test suggested the presence
of anti-germinative compounds in the extract, as several potential allelochemicals have
been characterized in giant reed including indoles, ketones, esters, and alcohols [42]. An
anti-germinative effect of an aqueous extract of giant reed leaves reported for lentil growing
on filter paper was attributed to a delay in the germination process and a reduction in
the seedling vigor index [43]. The same extract applied to peat caused growth inhibition
on lentils with a higher sensitivity of the rootlets compared to the shoots. These authors
speculated that the phytotoxic effect could be attributed to a direct and more intensive
contact between roots and allelochemicals and to a higher permeability of roots compared
to shoot tissues [43]. Consequently, in our study on zucchini, the treatment of peat and
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sand with the extract was followed by a watering step to remove possible allelochemicals
before sowing, and this actually allowed to obtain good emergence values. Lignin or
lignin-derived compounds in the extract may cause anti-germinative effects or even turn to
be biostimulants. Accordingly, ammonium lignosulfonate, derived from the paper industry,
exerted an anti-germinative effect on beans, while a biostimulant effect was observed at low
doses [44]. Moreover, in maize, very low doses (10 ppm) of water-soluble lignin isolated
from miscanthus and giant reed biomass stimulated emergence and early growth [45]. A
positive effect on tomato emergence and growth after field application of alkali-extracted
lignin from flax was also reported [46].

4.4. Lignin-Derived Polyphenol Distribution in Peat and Sand

As already reported, among the possible allelochemicals contained in the giant reed
extract, there are lignin-derived polyphenols generated from the lignocellulosic biomass
treatment with alkali [37]. For this reason, we studied the distribution of polyphenols in
peat and sand after treatment with the extract and watering to detect possible interactions
between the substrates and the extract. The results showed that the watering step did
not completely remove the polyphenols, which instead remained largely adsorbed by
the substrates. This phenomenon was less marked in sand than in peat, also because
leaching from sand is easier than from peat. However, the amounts of free polyphenols
in the solution and available for seed imbibition and rootlet uptake resulted sufficiently
diluted for good zucchini growth, both in peat and in sand, as observed in the sensitivity
tests. The peat’s capability to adsorb environmental pollutants, including polyphenols,
is well recognized [47,48]. Recently, low-cost filters based on peat have been proposed to
remove wood-derived polyphenols from water [49]. Various mechanisms are thought to be
involved in the biosorption process; however, it is now recognized that ion exchange is the
most prevalent mechanism [50]. Similarly, the capability to adsorb anionic, cationic, and
nonionic compounds has been reported in the literature for various types of sand; thus,
sand has been proposed as a low-cost adsorbing material to be used to remove coloring
substances from industrial effluents [51].

4.5. Extract Efficacy in the P. ultimum–Zucchini Pathosystem

The experiment with the pathosystem P. ultimum–zucchini in sand confirmed the
activity of the extract observed in the preliminary experiments. The giant reed extract
applied at presowing in the infected substrate proved to be effective both in restoring the
number of healthy plantlets, compared to nontreated control, and in reducing the pathogen
CFU, as two weeks after the treatment a significant CFU reduction was still observed. Thus,
the watering step after the treatment did not negatively interfere with the extract’s activity.
This was probably due to the adsorption phenomenon described above [51] that allowed
to keep a reservoir of bioactive compounds in the system and maybe also allowed the
treatment’s efficacy to last over time.

While the literature reports some examples of in vitro bioactivity of lignin and lignin-
related compounds towards microorganisms [20,21,38], few studies have been concerned
with in vivo evaluations of these compounds for crop protection purposes. The present
research reports for the first time the use of an extract of alkali-treated giant reed in a
pathosystem model. De Corato et al. [19] highlighted the antifungal activity in a greenhouse
of liquid wastes (SELWs) recovered during the bioethanol production process from different
steam-exploded lignocellulosic biomass (Miscanthus sinensis, wheat straw and giant reed),
even if giant reed SELW was the least effective. This harsh and highly energy-demanding
technology is very effective in delignifying plant biomass but also partially degrades the
holocellulose-generating toxic residues, such as furfurals and acetic and formic acids, which
are responsible for the antifungal activity. Zschiegner [52] invented a plant growth regulator
based on lignosulfonate that can enhance the natural resistance of plants against viruses,
fungi, and bacterial pests. It cannot be excluded that our giant reed extract could also
have the similar ability; thus, dedicated experiments could help to investigate possible
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priming or induced resistance mechanisms such as the activation of specific plant metabolic
pathways and related marker genes [53].

This study reports preliminary findings on the bioactivity of the giant reed extract on a
model pathosystem in tray experiments. With regard to possible application in the field, the
extract dose used corresponded to 3–4.8 L m−2, which is technically feasible. In addition,
dose optimization or/and localized application in the field could also be considered with a
reduction in the volume applied per surface unit. The technology necessary to obtain the
extract is simple; moreover, the alkaline extraction could be carried out at room temperature,
with obvious economic advantages [13].

Overall, the results of this study highlight an interesting potential for the use of
the giant reed extract as a liquid soil improver with biological activity against soilborne
pathogens such as P. ultimum. This pathogen affects the first crop phases and causes a
pre- and post-emergence damping-off that is particularly insidious in horticulture because
few chemical products are available for soil application. In addition, the repeated use of
the same chemical product can increase the risk of developing resistance in the pathogen
population. The phasing out of many chemicals for soil disinfestation, such as methyl
bromide, has increased the demand for research regarding alternatives to controlling
soilborne diseases and their recrudescence under climate change [54,55].

5. Conclusions

The awareness of the need to safeguard human and environmental health suggests
the setting up of bio-based strategies in crop protection. Thus, this lignin-rich extract of
alkali-treated giant reed could represent an innovative product to sustain crop health, with
possible adjunctive fertilizing and amending properties. The results obtained with the
model pathosystem, P. ultimum–zucchini, suggest both testing the extract’s efficacy at a
larger scale and enlarging the study to other soilborne pathogens that are particularly
sensitive to the extract, such as S. rolfsii, or towards wood decay fungi. Further studies
could regard the definition of the appropriate extract doses for practical use, the durability
of the effectiveness of the extract’s application in preventing disease, as well as a complete
chemical characterization of the extract to highlight other possible bioactive compounds
that may have a role in sustaining plant health.

Giant reed requires low pedo-climatic and agronomic inputs to produce huge biomass
amounts; thus, the availability of biomass to produce the extract would not represent a
limiting factor. The solvent-free process utilized for the extraction would also meet the
demand for the adoption of environmentally friendly technologies. Finally, the utilization
of potassium hydroxide for the alkali extraction would present an advantage to enrich the
extract with K and would thus confer fertilizing properties.
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dextrose agar plates, amended with increasing doses of the giant reed extract. Standard deviations
are reported in parentheses; Table S2: Mean values, as a percentage of the control (0% dose), of
the number of sclerotia per plate produced by Sclerotium rolfsii and Sclerotinia sclerotiorum in potato
dextrose agar plates, amended with increasing doses of the giant reed extract. Standard deviations
are reported in parentheses; Table S3: Mean values of the emergence (%) of zucchini seedlings in
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untreated control. Standard deviations are reported in parentheses.
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Abstract: The application of microbial products as natural biocontrol agents for inducing systemic
resistance against plant viral infections represents a promising strategy for sustainable and eco-
friendly agricultural applications. Under greenhouse conditions, the efficacy of the culture filtrate of
Bacillus subtilis strain HA1 (Acc# OM286889) for protecting tomato plants from Tobacco mosaic virus
(TMV) infection was assessed. The results showed that the dual foliar application of this culture
filtrate (HA1-CF) 24 h before and 24 h after TMV inoculation was the most effective treatment for
enhancing tomato plant development, with substantial improvements in shoot and root parameters.
Furthermore, compared to non-treated plants, HA1-CF-treated tomato had a significant increase in
total phenolic and flavonoid contents of up to 27% and 50%, respectively. In addition, a considerable
increase in the activities of reactive oxygen species scavenging enzymes (PPO, SOD, and POX) and a
significant decrease in non-enzymatic oxidative stress markers (H2O2 and MDA) were reported. In
comparison to untreated control plants, all HA1-CF-treated plants showed a significant reduction in
TMV accumulation in systemically infected tomato leaves, up to a 91% reduction at 15 dpi. The qRT-
PCR results confirmed that HA1-CF stimulated the transcription of several defense-related tomato
genes (PR-1, PAL, CHS, and HQT), pointing to their potential role in induced resistance against TMV.
GC–MS analysis showed that phenol, 2,4-bis (1,1-dimethylethyl)-, Pyrrolo [1,2-a] pyrazine-1,4-dione,
hexahydro-3-(2-methylpropyl)- and eicosane are the primary ingredient compounds in the HA1-CF
ethyl acetate extract, suggesting that these molecules take part in stimulating induced systemic
resistance in tomato plants. Our results imply that HA1-CF is a potential resistance inducer to control
plant viral infections, a plant growth promoter, and a source of bioactive compounds for sustainable
disease management.

Keywords: Bacillus subtilis; Tobacco mosaic virus; oxidative stress; antioxidative enzymes; gene
expression; GC–MS

1. Introduction

The growing global population, as well as urbanization and global climate changes,
generate an ever-increasing demand for high crop yields and improved food quality.
Several strategies are being dedicated to accelerate and improve the rate of agricultural
production. However, plant diseases account for significant crop losses and delay the
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ongoing progress of crop management [1]. Viral infections of plants represent a great threat
to plant biosecurity, causing tremendous crop losses worldwide [2]. Tobacco mosaic virus
(TMV) is one of the most infectious plant pathogens, attributed to its wide range of plant
hosts (about 66 families with more than 900 plant species) and the severe consequences
of its infection [3]. TMV is transmitted mechanically by rubbing with infected plants, con-
taminated agriculture tools, and/or contaminated seeds [4]. In addition, the extraordinary
stability of viral particles ensures their persistence for years in e.g., fallen infected leaves
or soil with full capacity for re-infection [5]. In tomatoes, TMV infection is associated
with different morphological symptoms, including a systemic leaf mosaic and/or necrosis,
in addition to leaf chlorosis [6]. Furthermore, the infection could develop into systemic
changes in flowering organs that delay fruit ripening, affect crop productivity, and result in
crop loss [7].

Controlling TMV infection is challenging and relies upon the use of resistant plant
cultivars or prevention of vector spreading through intensive application of insecticides,
which may cause adverse complications for human health and the environment [8]. Further-
more, pesticides eventually make their way into the surface–water system, complicating
and exacerbating environmental and ecosystem issues [9,10]. For sustainability, in either
agriculture or the environment, interest is growing in the application of biocontrol agents
as eco-friendly substitutes for the hazardous chemicals currently applied in plant disease
management strategies [11].

Plant growth-promoting rhizobacteria (PGPR) are natural rhizosphere microbiota
that promote plant growth and resistance to various infections. Numerous studies have
found that PGPR can improve plant growth and increase resistance to viral infection [11,12].
PGPRs enhance plant growth through promoting nutrient acquisition and the production
of biomolecules involved in stress tolerance. These processes may either indirectly decrease
the susceptibility of plants to infection and/or directly fight pathogens through antibiotic
production or competition for essential nutrients [13,14]. Among others, strains of Bacil-
lus sp. are widely applied as PGPRs with significant application outcomes attributed to
their multiple mechanisms for infection control and plant growth stimulation mediated
by numerous secondary metabolites [15,16]. However, under field conditions, the persis-
tence and adaption of PGPR inocula to the natural microbiota are strain-dependent and
heavily affected by application practices that usually lead to inconclusive outcomes [15].
Furthermore, the influence of PGPR inocula on the natural microbiota community at the
site of application is unknown, with the possible potential of increasing antagonistic re-
sistance [17–19]. Due to these limitations, the application of microbial culture filtrates has
emerged as an eco-friendly, dependable alternative to PGPRs [15].

Biocontrol agents protect plants through the stimulation of induced systemic resis-
tance (ISR) by activating a variety of cellular processes. These processes include (i) the
up- or down-regulation of specific genes and the overexpression of specific transcription
factors; (ii) changes in the levels of various compounds implicated in defense pathways and
enhanced plant growth; (iii) activation of defense genes encoding reactive oxygen species
(ROS) scavenging enzymes such as POX, SOD, CAT, and PPO, as well as the accumula-
tion of extracellular pathogenesis-related (PR) proteins; and (iv) improved transport of
macromolecules, phytohormones, and enzymes involved in defensive signaling [3,20–23].

The goals of the present study were to evaluate the ability of Bacillus subtilis strain
HA1-culture filtrate (HA1-CF) to promote tomato growth and confer protection to TMV
infection, either through direct antiviral activity or the induction of systemic resistance in
tomato plants. To investigate the resistance induction mechanism, the activity of reactive
oxygen species scavenging enzymes (PPO, SOD, and POX) and non-enzymatic oxidative
stress markers (H2O2 and MDA), as well as total phenolic content and flavonoid content
were assessed. Furthermore, the expression levels of several defense-related tomato genes,
including PR-1, PR-2, PAL, CHS, and HQT, along with TMV accumulation inside tomato
tissues, were also estimated. Finally, the gas chromatography–mass spectrometry (GC–MS)
technique was used to screen and identify the bioactive constituents of HA1-CF.
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2. Materials and Methods

2.1. Plant Material and Viral Source

Tomato (Solanum lycopersicum L.) plants of the GS 12 cultivar used during this work
were purchased as virus-free seeds from the Agriculture Research Center, Egypt. The TMV
strain KH1 (accession number MG264131) previously isolated from TMV-infected tomato
plants, was used as a source of viral inoculum [6].

2.2. Bacterial Isolation

Bacterial isolation was conducted on nutrient agar (NA) plates with the following
composition: peptone 5 g/L, yeast extract 3 g/L, NaCl 5 g/L, and agar 15 g/L [24]. Five soil
samples were collected from the rhizosphere of tomato plants that appeared healthy and
vigorous in different open fields in Alexandria governorate, Egypt. Soil samples were taken
at a 5–15 cm root depth after removing approximately 3 cm of the soil surface. Each sample
(10 g) was a mix of five samples (2 g) collected from the rhizosphere of various tomato
plants at the same site. Subsequently, each sample (10 g) was suspended in 100 mL of
saline solution (0.9% NaCl) for 30 min under shaking. Serial dilutions (1 × 10−4, 1 × 10−5,
and 1 × 10−6) were prepared, and 100 μL of each dilution were streaked aseptically on
triplicate NA plates and incubated at 30 ◦C for 24 h. Different bacterial colonies of 10−6

dilution were chosen, based on colony shape, colony color, and antagonistic activity against
growing fungi on the NA plates. To ensure purity, the newly developed separate colonies
were streaked on the same medium. To obtain culture filtrates, all isolates were cultivated
separately in nutrient broth (Agar-free nutrient medium) for 48 h under shaking at 200 rpm
at 30 ◦C. The bacterial culture filtrate (CF) was obtained as follows: centrifugation (10 min,
10,000 rpm), collection of supernatant, and filtration with a 0.45 μm pore-size syringe filter.
Using the half-leaf method [25], the antiviral potency of the purified isolates was tested
in Chenopodium amaranticolor plants, which serve as a local lesion host for TMV. Briefly,
the upper right half of the leaves were treated with 100 μL of bacterial CF, while the left
half of the leaves were treated with 100 μL of sterilized nutrient broth media. After 24 h,
both halves of the leaves were mechanically inoculated with TMV. The experiment was
performed in three biological replicates. According to the inhibition percentage in relation
to the number of local lesions, the isolate that exhibited the most potent antiviral activity
was selected for further experiments.

2.3. Isolate Identification through 16S rRNA Methodology

The isolate showing the maximum antiviral potency was subjected to molecular identi-
fication through 16S rRNA sequencing. Total genomic DNA was isolated from an overnight
culture, using the Wizard Genomic DNA Purification Kit (Promega, Fitchburg, WI, USA)
according to the manufacturer’s instructions. The PCR amplification of the 16S rRNA gene
was conducted using two universal primers (Table 1). The amplified 16S gene was purified
by a PCR purification kit (QIAGEN, Hilden, Germany) and sequenced through a Genetic
Analyzer system (3130xl, Applied Biosystems, Bedford, MA, USA) using a BigDye Termi-
nator v3.1 Cycle Sequencing kit. The annotated nucleotide sequence was analyzed using
NCBI-BLAST and deposited in GenBank. The phylogenetic relationships of the potent
isolate were elucidated through MEGA software (ver. 11) using an unweighted pair group
method with arithmetic mean (UPGMA) and a bootstrap method with 2000 replications.
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Table 1. List of the specific primer sequences of the different genes used in qRT PCR analysis.

Primer Name Abbreviation Nucleotide Sequence References

16S ribosomal RNA 16S rRNA
Forward: AGAGTGATCCTGGCTCAG

[26]Reverse: GGTTACCTTGTTACGACTT

Tobacco mosaic virus-coat protein TMV-CP
Forward: ACGACTGCCGAAACGTTAGA

[27]Reverse: CAAGTTGCAGGACCAGAGGT

Pathogenesis related protein-1 PR-1
Forward: GTTCCTCCTTGCCACCTTC

[28]Reverse: TATGCACCCCCAGCATAGTT

Endoglucanase PR-2
Forward: TATAGCCGTTGGAAACGAAG

[28]Reverse: CAACTTGCCATCACATTCTG

Phenylalanine Ammonia-Lyase PAL
Forward: ACGGGTTGCCATCTAATCTGACA

[29]Reverse: CGAGCAATAAGAAGCCATCGCAAT

Chalcone Synthase CHS
Forward: CACCGTGGAGGAGTATCGTAAGGC

[29]Reverse: TGATCAACACAGTTGGAAGGCG

Hydroxycinnamoyl Co A: quinate
(break)hydroxycinnamoyl transferase HQT

Forward: CCCAATGGCTGGAAGATTAGCTA
[29]Reverse: CATGAATCACTTTCAGCCTCAACAA

β-actin β-actin
Forward: TGGCATACAAAGACAGGACAGCCT

[30]Reverse: ACTCAATCCCAAGGCCAACAGAGA

2.4. Greenhouse Experimental Design and Assessment of Growth Parameters

Under greenhouse conditions, the tomato seeds were grown in plastic pots (30 cm
diameter, 29.9 cm height). Each pot was provided with 4 kg of mixed sand and clay (1:1),
previously sterilized through autoclaving. Tomato plants were incubated at a day/night
temperature of 28 ◦C/16 ◦C with a relative humidity of 70%. The seedlings were trans-
planted into new pots on the 28th day after sowing, and one week later, the leaves (two
upper true leaves) of each plant were mechanically inoculated with semi-purified TMV
(1 mL) as described before [31]. The experiment was carried out with five different treat-
ments, each of which included five repetitions and five tomato plants in each pot. Each
treatment had five biological replicates. Each biological replicate was a pool of 15 tomato
leaves collected from the five plants (3 leaves from new systemically infected leaves/plant)
in each pot. Each biological replicate was run in three technical replicates for each analysis
evaluation. The five treatments were as follows: the first treatment (NT) was the mock
(control) group; the second group (TMV) was the viral-infected group; the third group
(T1) was tomato plants sprayed with bacterial CF 24 h before viral infection; the fourth
group (T2) was tomato plants sprayed with bacterial CF 24 h after viral infection; and the
final group (T3) was allocated to plants sprayed with bacterial CF two times, 24 h before
and 24 h after the viral inoculation. The whole plant shoots were foliar sprayed with a
handheld pressure sprayer until runoff occurred and the leaves seemed to be coated with
the CF. All plants were kept under insect-proof greenhouse conditions and were daily
observed for the development of mosaic symptoms over the course of 3 weeks. At 22 days
post-TMV inoculation (dpi), plants from each group were collected, rinsed several times
with water, and evaluated for their fresh weight (g), shoot length (cm/plant), and root
length (cm/plant). The plant’s dry weight (g) was determined after drying at 50 ◦C for a
constant weight.

2.5. Oxidative Stress Markers
2.5.1. Malondialdehyde (MDA) Determination

Malondialdehyde (MDA) levels were assessed in all treatments by using thiobarbituric
acid (TBA), as in Heath and Packer [32]. Briefly, 100 mg of tomato leaf samples was ground
in 1 mL of 0.1% trichloroacetic acid (TCA) and centrifuged at 10,000 rpm for 30 min. Sample
supernatants (1 mL) were mixed separately with 4 mL of TBA solution (0.5% TBA: 20%
TCA) and incubated at 95 ◦C for 30 min. The reaction was terminated through immediate
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immersion in ice, where the developed color was measured at 600 nm, indicating the
malondialdehyde concentration (μM/g of fresh weight).

2.5.2. Hydrogen Peroxide Determination

Hydrogen peroxide (H2O2) was determined in the fresh plant samples using KI as
described by Junglee et al. [33], with a few modifications. The fresh plant samples (100 mg)
were separately homogenized in 0.1% TCA and centrifuged to obtain a clear homogenate.
The H2O2 reaction was conducted by adding 1 mL of plant homogenate to 2 mL of KI
solution (1 M KI in 10 mM phosphate buffer, pH 7.0). After 20 min, the reaction absorbance
was measured at 390 nm, with results deducted using the H2O2 extinction coefficient
(0.28 M−1 cm−1) and expressed as μM/g fresh weight.

2.6. Determination of Antioxidant Enzymatic Activities
2.6.1. Polyphenol Oxidase (PPO)

The PPO activity was determined by quinone methods [34]. In brief, 500 μL of crude
plant extract was added to 1 mL of 50 mM quinone (in 100 mM Tris-HCl buffer pH 6.0) and
incubated for 10 min at 25 ◦C. The reaction absorbance was measured at 420 nm where a
0.001 increase in the absorbance was equivalent to one unit of enzyme activity/min and
expressed as μM/g fresh weight.

2.6.2. Superoxide Dismutase (SOD)

The SOD activity was determined through the nitroblue tetrazolium (NBT) photore-
duction inhibition method with minor modifications [35]. Crude plant extract (100 μL
in phosphate buffer pH 7.0) was added to 50 μM NBT, 10 μM riboflavin, 0.1 mM EDTA,
50 mM sodium carbonate, and 12 mM L-methionine. A 50 mM phosphate buffer, pH 7.6,
was added to adjust the final reaction volume to 3 mL. The reaction mixtures without plant
extract were considered as controls. The mixtures were exposed to fluorescent lamps for
15 min to initiate the photochemical reaction, before being placed in the dark and then
measured at 560 nm. The inhibition of photochemical reduction (50%) was defined as one
unit of enzyme activity [36]. The activity of SOD was expressed as μmol/g fresh weight.

2.6.3. Peroxidase (POX)

The POX activity was evaluated according to the method of Angelini et al. [37]. In
brief, crude plant extract (80 μL in phosphate buffer pH 7.0) was added to 500 μL of
5 mM guaiacol and 120 μL of 1 mM hydrogen peroxide to a final volume of 1200 μL
adjusted by 100 mM phosphate buffer pH 7.0. After that, the reaction was incubated for
10 min at 30 ◦C and the absorbance was measured at 480 nm. The extinction coefficient of
ε = 26,600 M−1 cm−1 was used to calculate the results.

2.7. Determination of Total Phenolic Contents

The total phenolic content in the dried plant samples was assayed according to
the Folin–Ciocalteau method [38]. Dried plant samples (0.5 g) were extracted with 80%
methanol (25 mL) after shaking for 24 h. After extraction, 400 μL of the clear plant extract
was added to 2 mL of Folin–Ciocalteau reagent for 5 min, and then 1.6 mL of Na2CO3 (7.5%)
was added at room temperature with a vortex. The reaction mixture was incubated in the
dark for 1 h and the developed color was measured at 760 nm, with the results expressed
using a gallic acid standard curve.

2.8. Determination of Total Flavonoid Contents

The total flavonoid content in the plant samples was evaluated through an aluminium
chloride colorimetric approach adapted from Ghosh et al. [39] as follows: 500 μL of plant
extract (in phosphate buffer pH 7.0) was added to 100 μL of aluminium chloride (10%),
100 μL of potassium acetate (1 M), and 1500 μL of methanol. The final reaction volume was
adjusted to 5 mL with distilled water, and incubated for 30 min at room temperature. After
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incubation, the absorbance was measured at 415 nm, where results were expressed using a
standard curve for quercetin.

2.9. Quantitative RT-PCR (qRT-PCR) Assay and Data Analysis
2.9.1. Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from around 100 mg of tomato leaves using the RNeasy
plant mini kit (Qiagen, Hilden, Germany). The RNA integrity was examined by visualizing
the quality of 28S and 18S rRNA bands separated by 1.2% agarose gels by electrophoresis,
whereas purity (A260/A280) and concentration were determined by the SPECTRO Star Nano
instrument (BMG Labtech, Ortenberg, Germany). For each sample, 1 μg of DNase I-treated
RNA was used as a template to synthesize cDNA in a reverse transcription reaction using
oligo (dT) and random hexamer primers, as described in previous studies [40,41]. The final
cDNA product was stored at −20 ◦C until employment as a qRT-PCR template.

2.9.2. TMV-CP Accumulation and Defense Genes Expression Levels

The transcriptional levels of two tomato genes encoding for pathogenesis-related
proteins (PR-1 and PR-2) and three genes involved in polyphenol metabolism (PAL, CHS,
and HQT), as well as transcript accumulation of the TMV-coat protein gene (TMV-CP),
were evaluated in all treatments and compared to controls using the qRT-PCR technique.
Based on the expression levels of the TMV-CP gene and the housekeeping gene (β-actin) in
the control treatment, viral accumulation levels were determined [42]. The gene expression
levels were also normalized by using β-actin gene expression as a housekeeping gene.
The nucleotide sequences of the primers are listed in Table 1. PCR reactions for each
biological treatment were separately performed in a real-time thermocycler (Rotor-Gene
6000, QIAGEN, Germantown, MD, USA) using a SYBR Green Mix (Thermo, Foster, CA,
USA) as previously described [43,44]. For each tested gene, relative expression levels were
accurately calculated according to the 2–ΔΔCT method [45].

2.10. Assessment of Active Biomolecules in the Bacterial Culture Filtrate through Gas
Chromatography–Mass Spectrometry

The active biomolecules in the bacterial CF were identified by gas chromatography-
mass spectrometry (GC–MS) upon extraction with ethyl acetate. Ethyl acetate was added
to the CF in a ratio of 1:1 and vigorously shaken for 15 min. The ethyl acetate phase was
separated and concentrated in a rotatory evaporator at 50 ◦C. The concentrated extract was
analyzed through GC–MS (TRACE 1300 Series, Thermo, Waltham, MA, USA), equipped
with a split mode mass detector, with helium gas as a carrier at a flow rate of 1 mL/min.
The injector was set to 250 ◦C and the oven was set to 60 ◦C for 2 min, with a scan time
of 0.2 s, a mass range of 50–650 amu, and a 20-min ramp to 250 ◦C. During the running
time of 53 min, mass spectra were obtained at 70 eV. The CF components were identified
by comparing them to data in the literature and the GC–MS library.

2.11. Statistical Analysis

Using the GraphPad Prism software (version 6.01, San Diego, CA, USA), all of the
obtained data was statistically evaluated using a one-way ANOVA. Significant differences
were calculated according to the least significant difference (LSD) method at p ≤ 0.05
level of probability. Standard deviation (±SD) is represented numerically in tables and
as a column bar in histograms. When compared to mock-inoculated tomato tissues (NT
treatment), the relative expression values of more than one indicated an increase in gene
accumulation, whereas values of less than one indicated a drop in expression levels.

3. Results and Discussion

3.1. Bacterial Isolation and Molecular Characterization

Among the 25 selected purified bacterial isolates, the CF of the isolate coded HA1
displayed maximum antiviral activity and hence was selected for further application in the
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following experiments. An NCBI-BLAST analysis revealed that the nucleotide sequence
of the full length 16S RNA of HA1 has a similarity of 100% to isolates of Bacillus subtilis.
B. subtilis is a naturally occurring soil microorganism that is commonly isolated from the
rhizosphere of various plants [46,47]. Based on the homology results of the HA1 isolate,
the isolate was putatively defined as B. subtilis and the annotated sequence was deposited
in the GenBank under the accession number OM286889. In addition, a phylogenetic tree
analysis, constructed through MEGA 11, revealed that HA1 is closely related to other
B. subtilis strains, especially the Egyptian isolate (Acc# MT222787, strain SE05); therefore,
HA1 belongs to the evolutionary lineage of B. subtilis (Figure 1).

 

Figure 1. Phylogenetic tree showing the relationship of the locally isolated B. subtilis strain HA1
(shows in red rectangle) and other closely related isolates based on 16s rRNA (GenBank) nucleotide
sequences. The tree was developed by the MEGA 11 program, based on the UPGMA method, with a
bootstrap method of 2000 replications.

3.2. Effect of HA1-CF on Development of TMV Symptoms and Growth Parameters

In a greenhouse experiment, the foliar application of B. subtilis strain HA1-CF signifi-
cantly reduced disease severity following TMV infection, enhanced tomato plant growth,
and decreased viral accumulation in all treated tomato plants (T1, T2, and T3) compared to
non-treated plants (TMV treatment). The obtained results showed that the TMV treatment
(i.e., tomato plants inoculated with TMV only) developed chlorosis patterns and severe
mosaic symptoms at 14 dpi (Figure 2), similar to those previously described [3,8]. On the
other hand, and compared to TMV plants, the symptom development of T1 (tomato plants
treated with HA1-CF 24 h before TMV inoculation) and T2 (tomato plants treated with
HA1-CF 24 h after TMV inoculation) plants was delayed by five and three days, respectively.
Moreover, dual foliar application of HA1-CF (T3), 24 h before and after TMV inoculation,
showed a 7-day delay in symptoms’ appearance. The slow increase in symptomatic plant
numbers or delayed symptom development in HA1-CF-treated plants may be attributed
to an obstruction of virus movement or replication. Many authors report that the foliar
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application of bacterial CF is associated with delays in the development of plant virus-
elicited symptoms [3,11,48,49]. The NT (tomato plants treated with virus-free inoculation
buffer and foliar sprayed with bacterium-free broth medium) plants showed no symptoms
(Figure 2).

Figure 2. Effect of foliar application of B. subtilis strain HA1-CF on the development of disease
symptoms in tomato leaves at 14 days post-TMV inoculation. NT: mock plants; TMV: virus-infected
plants; T1: tomato plants sprayed with bacterial culture filtrate 24 h before virus infection; T2: tomato
plants sprayed with bacterial culture filtrate 24 h after virus infection; T3: tomato plants sprayed with
bacterial culture filtrate two times, 24 h before and 24 h after virus inoculation.

The growth parameter assays revealed that the T3 tomato plants gave the best results,
exhibiting a significant increase in the plants’ fresh weight, up to 44% and 64% compared
to NT and TMV plants, respectively (Table 2). Moreover, the T1 treatment came second,
in increasing the plants’ fresh weight by 30.1% and 49% compared to NT and TMV, re-
spectively. No significant differences were reported regarding plant dry weight between
HA1-CF treatments (T1, T2, and T3) and the control treatment. However, compared to
TMV plants, the three treatments enhanced dry weight by up to 28%, as reported in T3
treatment plants (Table 2). The shoot and root lengths were also improved in the three treat-
ments (T1, T2, and T3) compared to the non-treated TMV-infected plants, with a notable
enhancement in shoot and root lengths in T3, compared to control plants. Together, the
results indicated stimulation and enhancement in all measured growth parameters in all
treatments involving CF (T1, T2, and T3) and the superiority of the T3 treatment strategy
for growth enhancement, even over non-infected plants (NT). The results are in accordance
with several studies that have reported the efficacy of B. subtilis in enhancing plant growth
of various plant species [50,51], mediated by a vast number of growth-promoting secondary
metabolites and phytohormones [52]. Posada et al. [53] found that CFs of B. subtilis EA-
CB0575, derived from vegetative cells or spores, significantly enhanced the shoot length as
well as the dry weight of Musa plants, as compared to controls.

3.3. Evaluation of Oxidative Stress Markers

Elevated levels of reactive oxygen species (ROS) are a defining feature of plant virus
infections [54–56], so the concentration of these species may be directly proportional to
infection severity. In this regard, two oxidative stress markers (MDA and H2O2) were
evaluated in all treatments, including those treated with HA1-CF or those not treated
(Figure 3). Compared to NT plants (112 ± 5.4 and 6.8 ± 0.4 μM/g f.wt. for MDA and H2O2,
respectively), the elevation of MDA (151 ± 3.7) and H2O2 (8.1 ± 0.3) levels by 35% and
19%, respectively, was obtained in TMV treatment plants (Figure 3). The findings are in
accordance with results reported from many viral infections in different plants [8,57–59].

157



Horticulturae 2022, 8, 301

The elevation of H2O2 levels at the early stages of pathogenesis is a process contributing
to plant resistance against viral infection [60,61]. However, unbalanced levels of ROS
during e.g., the late stages of plant virus infections, lead to oxidation of vital plant cell
components, such as proteins, DNA, and unsaturated fatty acids, adversely affecting the
whole plant [62,63]. It was reported that the reduction of MDA maintained cell membrane
integrity and stability [64]. Duan et al. [65] reported that the cell-free culture filtrate of
B. amyloliquefaciens QSB-6 enhanced plant tolerance by reducing MDA accumulation inside
plant tissues. The treatment with HA1-CF revealed a varied reduction in the two stress
markers, related mainly to the application time. The T3 treatment exhibited the maximum
reduction in MDA (119 ± 4.1 μM/g f.wt.) and H2O2 (6.4 ± 0.4 μM/g f.wt.) levels compared
to that of the non-infected group levels (NT), indicating the potency of the T3 strategy in
alleviating oxidative stress and lipid peroxidation in virus-infected plants.

Table 2. Effect of foliar application of B. subtilis strain HA1-CF on growth parameters of tomato
plants at 22 days post-TMV inoculation.

Treatment * Fresh Weight g/Plant Dry Weight g/Plant
Shoot Length

cm/Plant
Root Length cm/Plant

NT 7.15 ± 0.37 bc 2.24 ± 0.03 ab 27.67 ± 3.30 14.17 ± 1.55 ab

TMV 6.28 ± 0.61 c 1.89 ± 0.07 c 26.17 ± 0.24 9.33 ± 2.63 b

T1 9.36 ± 2.20 ab 2.27 ± 0.11 ab 28.33 ± 4.50 14 ± 4.55 ab

T2 6.47 ± 0.87 bc 2.14 ± 0.15 bc 27.33 ± 2.49 11.33 ± 1.25 ab

T3 10.35 ± 1.19 a 2.43 ± 0.16 a 29.67 ± 2.06 16.33 ± 2.87 a

* NT: mock plants; TMV: virus-infected plants; T1: tomato plants sprayed with bacterial culture filtrate 24 h
before viral infection; T2: tomato plants sprayed with bacterial culture filtrate 24 h after viral infection;
T3: tomato plants sprayed with bacterial culture filtrate two times, 24 h before and 24 h after viral inocula-
tion. Each column value represents the mean result obtained from five biological replicates. Significant differences
were calculated using a one-way ANOVA according to the least significant difference (LSD) method at a p ≤ 0.05
level of probability with the GraphPad Prism software package. The mean values of each column with the same
letter do not differ significantly.

3.4. Antioxidant Enzymatic Activities

Due to the crucial role of antioxidant enzymes in plant defense mechanisms against
several plant pathogens, the current work aimed to evaluate the activities of the antioxidant
enzymes PPO, SOD, and POX in HA1-CF-treated and -untreated tomato plants upon TMV
infection (Figure 4). The enzyme activity assay results indicated a remarkable reduction in
PPO activities of more than 50% in the TMV treatment plants (0.13 ± 0.01 μM/g f.wt. min−1)
compared to the NT plants (0.25 ± 0.01 μM/g f.wt. min−1). Upon treatment of tomato plants
with HA1-CF, PPO activities increased in treatments T1 (0.19 ± 0.01 μM/g f.wt. min−1) as
compared to the TMV treatment group. The maximum PPO activity was detected in the
T3 treatment (0.32 ± 0.02 μM/g f.wt. min−1) reporting 28% increases in PPO activities
compared to the NT control group (Figure 4). The measured PPO activities in the T3 plants
were 2.5-fold higher than those assayed in the TMV plants, demonstrating the role of
HA1-CF in up-regulation of PPO genes and/or enzymatic activities as a part of the defense
mechanism against TMV infection in tomatoes. As a result, it has been reported that over-
expression of PPO in various plants has defense properties against bacterial infection in
tomato plants [66] and fungal infection in strawberry fruits [67]. Regarding SOD, the results
indicated a slight enhancement of about 27% (0.14 ± 0.02 μM/g f.wt. min−1) in SOD activity
in the TMV treatment when compared to the NT treatment (0.11 ± 0.01 μM/g f.wt. min−1),
which could be attributed to an initial response of the plant defense system to oxidative
stress. SOD enzymes have a major role in detoxifying reactive superoxide (O2

.−) species
into H2O2, which is subsequently degraded through catalases. The SOD activity was
also enhanced in all HA-CF treated plants, where the maximum level was shown in T3
(0.22 ± 0.02 μM/g f.wt. min−1), followed by T1 (0.17 ± 0.07 μM/g f.wt. min−1), display-
ing 2- and 1.5-fold increases, respectively, compared to non-treated plants. Concerning
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POX activities, the results showed a significant reduction (55%) in POX activity upon
TMV infection in TMV treatment (0.15 ± 0.01 μM/g f.wt. min−1), when compared to
the NT plants (0.27 ± 0.02 μM/g f.wt. min−1). Compared to TMV treatment plants, the
treatment of tomato plants with HA1-CF elevated the POX activities in all treatments at
varying concentrations depending on the treatment strategy. The maximum POX activity
(0.24 ± 0.02 μM/g f.wt. min−1) was detected in T1 plants, followed by T3, with a level of
0.19 ± 0.01 μM/g f.wt. min−1 (Figure 4). Although the highest activity of POX observed in
T1 treatment was less than that reported in the control treatment, no significant changes
were reported. Moreover, the increasing POX activity, which is 60% higher than that re-
ported in the TMV treatment plants, demonstrates the efficacy of HA1-CF in improving the
POX activities, resulting in boosting tomato plant tolerance under the TMV challenge. POX
remarkably enhances the plant’s defense against infection by lignin synthesis, using ROS as
a substrate. Lignin deposition increases the physical barrier against viral infection [68]. The
obtained results are consistent with other studies that have reported the ability of Bacillus
sp. to increase the activity of plant enzymes against ROS [69–71]. Moreover, the application
of the culture filtrate of B. amyloliquefaciens considerably increased the enzyme activities of
SOD, POX, and CAT of Malus hupehensis plants [65].

Figure 3. Effect of foliar application of B. subtilis strain HA1-culture filtrate on the two oxidative stress
markers: MDA (A) and H2O2 (B) of tomato plants at 22 days post-TMV inoculation. NT: mock plants;
TMV: virus-infected plants; T1: tomato plants sprayed with bacterial culture filtrate 24 h before viral
infection; T2: tomato plants sprayed with bacterial culture filtrate 24 h after viral infection; T3: tomato
plants sprayed with bacterial culture filtrate two times, 24 h before and 24 h after viral inoculation.
Each column value represents the mean result obtained from five biological replicates. Significant
differences were calculated using a one-way ANOVA according to the least significant difference
(LSD) method at a p ≤ 0.05 level of probability with the GraphPad Prism software package. The
mean values of each column with the same letter do not differ significantly.
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Figure 4. Effect of foliar application of B. subtilis strain HA1-culture filtrate on activities of antioxidant
enzymes PPO, SOD, and POX of tomato plants at 22 days post-TMV inoculation. NT: mock plants;
TMV: virus-infected plants; T1: tomato plants sprayed with bacterial culture filtrate 24 h before
viral infection; T2: tomato plants sprayed with bacterial culture filtrate after 24 h of viral infection;
T3: tomato plants sprayed with bacterial culture filtrate two times, 24 h before and 24 h after the viral
inoculation. Each column value represents the mean result obtained from five biological replicates.
Significant differences were calculated using a one-way ANOVA according to the least significant
difference (LSD) method at a p ≤ 0.05 level of probability with the GraphPad Prism software package.
The mean values of each column with the same letter do not differ significantly.

3.5. Total Phenolic and Total Flavonoid Contents

It is well known that the accumulation of polyphenolic phytochemicals, including
phenolic and flavonoid compounds, is a main defense mechanism for plants to tolerate
biotic and abiotic stresses, including virus infections [8,44,72]. The obtained results in
the present study indicated a noticeable reduction (about 35%) in total phenolic contents
in the TMV treatment plants (74 ± 14.3 mg/g d.wt.) when compared to control plants
(114 ± 2.0 mg/g d.wt.). Interestingly, the T3 treatment exhibited a significant increase in
tomato total phenolic contents of 27% (94 ± 6.1 mg/g d.wt.) when compared to the TMV
plants (Figure 5A). No significant difference was found between TMV, T1, and T2 treatments
(Figure 5A). Consequently, the dual treatment of tomato plants with HA1-CF enhanced
the accumulation levels of total phenolic contents inside TMV-infected tissues. On the
other hand, the total flavonoid content estimation revealed a significant reduction (18%)
in flavonoid contents of the TMV plants (10.1 ± 0.53 mg/g d.wt.), compared to the NT
plants (11.4 ± 2.0 mg/g d.wt.), as indicated in Figure 5B. The three HA1-CF-treated groups
revealed higher flavonoid contents as compared to the TMV treatment plants. Among
them, the T3 plants displayed flavonoid contents (15.0 ± 0.92 mg/g d.wt.) which were 50%
and 20% higher than that of the TMV and NT groups, respectively. Notably, no significant
differences were detected in total flavonoid contents in the T1 and T2 treatments when
compared to the control (NT) treatment. The significant flavonoid accumulation in the T3
treatment plants indicates the importance of treatment doses (two doses in the T3 group)
with respect to the treatment time (before or after infection) in the accumulation of such
defense compounds.
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Figure 5. Effect of foliar application of B. subtilis strain HA1-culture filtrate on the total phenolic
(A) and total flavonoid (B) contents of tomato plants at 22 days post-TMV inoculation. NT: mock
plants; TMV: virus-infected plants; T1: tomato plants sprayed with bacterial culture filtrate 24 h before
virus infection; T2: tomato plants sprayed with bacterial culture filtrate 24 h after virus infection;
T3: tomato plants sprayed with bacterial culture filtrate two times, 24 h before and 24 h after virus
inoculation. Each column value represents the mean result obtained from five biological replicates.
Significant differences were calculated using a one-way ANOVA according to the least significant
difference (LSD) method at a p ≤ 0.05 level of probability with the GraphPad Prism software package.
The mean values of each column with the same letter do not differ significantly.

3.6. Effect of HA1-CF on Systemic Accumulation of TMV

In line with the previously obtained results in this study, the application of HA1-CF,
either before or after TMV inoculation, resulted in a considerable reduction in viral accu-
mulation inside tomato tissues. The TMV content was calculated using the TMV-CP gene
cycle threshold (Ct) value and the Ct value of the internal control β-actin gene of the tomato
control treatment. The qRT-PCR results revealed that the TMV treatment exhibited the
highest levels of TMV-CP transcripts, representing a 28.2-fold change, indicating the plant’s
viral infection. On the other hand, the HA1-CF-treated plants exhibited relative expression
levels of 3.23-, 4.35-, and 2.48-fold changes for T1, T2, and T3 treatments, respectively.
These results corresponded with the appearance of the symptoms in terms of the highest
and lowest concentrations of the virus inside tomato tissues. Consequently, the significant
decline in TMV accumulation levels in T1, T2, and T3 tomato leaves by 88.55, 84.57, and
91.20% compared to TMV treatment plants, confirmed the biocontrol activity of the HA1-CF
against TMV infection. In line with our results, the foliar application of the culture filtrate
of B. licheniformis and Streptomyces sp. caused a significant reduction in the accumulation of
AMV and PVY in potato plants [11,73]. Moreover, the application of Streptomyces cellulosae
and B. amyloliquefaciens reduced TMV and CMV severity, and decreased viral accumulation
levels in the treated leaves [3,74]. Thus, the application of HA1-CF could protect the tomato
plants from TMV infection by preventing the accumulation of viral particles as well as
activating the plant defense responses [3,11,48].
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3.7. Effect of HA1-CF on Transcriptional Levels of Pathogenesis-Related Protein Genes

According to several research reports, the induction of different groups of PR proteins
plays a vital role in SAR activation and is also efficient at preventing pathogen formation,
multiplication, and/or spread. Among them, the genes encoding for PR-1 and PR-2 (evalu-
ated in this study) may be the most significant markers for plant viral infection [3,8,75]. For
PR-1, it was shown that the TMV treatment plants showed a significant down-regulation,
with a relative expression level of 0.56-fold change lower than control treatment plants
(Figure 6). Interestingly, all HA1-CF-treated plants exhibited a considerable increase in the
relative expression level of PR-1, with relative expression levels of 2.43-, 3.30-, and 5.14-fold
change in T2, T1, and T3, respectively, greater than control (Figure 6). It was reported
that the application of the cell-free filtrate of B. velezensis increased the resistance of Datura
stramonium and tomato plants against Cucumber mosaic virus and Tomato yellow leaf curl virus,
respectively, by significantly elevating the expression of the PR-1 gene [48,76]. It is well
known that salicylic acid (SA) plays a crucial role in stimulating plant systemic resistance
through activating the plant defense system [77]. Upon viral infection, the accumulation of
SA is frequently accompanied by the induction of PR-1, an SA marker gene. Meanwhile,
the induction of PR-1 is associated with plant immunity activation and increasing plant
resistance against pathogens [21,78]. Consequently, we propose that HA1-CF contains some
elicitor secondary metabolite compounds that play a vital role in the induction of PR-1,
resulting in activating systemic acquired resistance (SAR) and boosting plant resistance to
viral infection.

Figure 6. The relative expression levels of genes encoding pathogenesis-related proteins (PR-1, and
PR-2) and polyphenol biosynthetic enzymes (PAL, CHS, and HQT) in tomato plants at 22 days post-
TMV inoculation. NT: mock plants; TMV: virus-infected plants; T1: tomato plants sprayed with
bacterial culture filtrate 24 h before virus infection; T2: tomato plants sprayed with bacterial culture
filtrate after 24 h of virus infection; T3: tomato plants sprayed with bacterial culture filtrate two times,
24 h before and 24 h after virus inoculation. Each column value represents the mean result obtained
from five biological replicates. Significant differences were calculated using a one-way ANOVA
according to the least significant difference (LSD) method at a p ≤ 0.05 level of probability with the
GraphPad Prism software package. The mean values of each column with the same letter do not
differ significantly.

Regarding the PR-2 transcript, the results indicated a significant induction of PR-2, ob-
served only in TMV plants, with a relative expression level of 3.93-fold change higher than
control (Figure 6). Despite HA1-CF-treated plants showing a minor up-regulation of PR-2,
with relative expression levels of 1.54-, 1.21-, and 1.35-fold change in T1, T2, and T3, respec-
tively, no significant differences were detected when compared to the control (Figure 6).
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The PR-2 gene encodes a protein conferring β-1,3-glucanase activity that facilitates viral
translocation between plant cells across plasmodesmata, and hence TMV may induce this
gene to facilitate its movement and spread through plant cells [6,79]. Previous research has
shown that PR-2 is clearly induced during viral infections in potato, Arabidopsis, onion, to-
bacco, and tomato plants [3]. Furthermore, a lack of tobacco PR-2 expression reduced viral
infection susceptibility, whereas overexpression accelerated the transmission of PVY across
cells [80–82]. Consequently, the foliar application of HA1-CF may reduce TMV infection
via lowering PR-2 expression and inhibiting long-distance movement between cells.

3.8. Effect of HA1-CF on the Transcript Levels of Polyphenolic Biosynthesis Genes

It is well known that the accumulation of polyphenolic compounds is a crucial plant
defense mechanism against several biotic and abiotic stressors. They are brought to infection
sites, elicit hypersensitive responses, and promote programmed cell death when plants
are infected [72,83]. In higher plants, biosynthesis of polyphenolic compounds occurs
mainly via the shikimate pathway, with three major routes, including the phenylpropanoid,
chlorogenic, and flavonoid pathways [29,84]. Besides being the key enzyme in the first step
of the phenylpropanoid pathway that is responsible for the conversion of phenylalanine to
cinnamic acid, PAL plays a vital role in SA biosynthesis regulation [85,86]. Compared to the
mock-inoculated (NT) tomato plants in the present study, the expression levels of PAL were
significantly induced in HA1-CF-treated plants, with relative transcriptional levels of 2.36-,
2.10-, and 4.50-fold change in T1, T2, and T3, respectively, higher than the control (Figure 6).
On the other hand, no significant difference was reported between TMV treatment and
NT treatment plants. The obtained data revealed that the treatment of tomato plants with
HA1-CF triggered the expression of PAL, which may potentially increase SA accumulation.
The obtained results agree with previous reports showing that the application of the culture
filtrate of B. licheniformis and B. velezensis significantly increased the expression levels of
PAL and resulted in increased plant resistance against viral infections [11,48]. Consequently,
we suggest that HA1-CF could be applied as an efficient ISR elicitor, boosting secondary
metabolite biosynthesis, polyphenolic compounds, and SA accumulation in treated plants.

CHS is the initial enzyme in the flavonoid pathway, catalyzing the conversion of
p-coumaroyl CoA to naringenin chalcones, which are the major precursor and key inter-
mediates for the synthesis of a wide variety of flavonoids in different plant tissues [84,87].
Likewise, HQT is a strategic enzyme in the biosynthesis of chlorogenic acid. It is one of
the most significant polyphenolic molecules that directly enhances plant defense, being in-
volved in various pathogen resistances as well as displaying antioxidant properties [88–90].
Compared to the NT treatment plants, the untreated leaves challenged with TMV only
showed a significant down-regulation of both CHS and HQT, with relative expression
levels of 0.68- and 0.83-fold change, respectively (Figure 6). Thus, the down-regulation of
transcriptional levels of CHS and HQT in TMV treatment plants reflected the decrease in the
total flavonoid contents detected in this treatment. In this context, many previous studies
have shown that the biosynthesis of flavonoid compounds, including chlorogenic acid, is
suppressed inside virally infected plant tissues [8,11,75,91,92]. Notably, HA1-CF-treated
leaves of T1, T2, and T3 treatments exhibited significant elevations of both CHS and HQT
expression levels when compared to the control. (Figure 6). The highest expression level
of CHS (4.63-fold) was reported in T3 plants, while the maximum transcriptional level of
HQT was observed in both T1 and T3, with the same expression level of 2.52-fold change
higher than control (Figure 6). In line with the obtained results in this study, the induction
of CHS and HQT genes indicated the accumulation of the flavonoid compounds that play a
role in plant resistance against pathogen infection [8,11,22]. Overall, results obtained in the
present study show that the foliar application of HA1-CF activates ISR and up-regulates
PR-1, PAL, CHS, and HQT. In addition, the accumulation of polyphenolic compounds in
response to HA1-CF may contribute to the development of induced resistance and the
suppression of TMV infection.
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3.9. Identification of Bioactive Metabolites of HA1-CF by GC–MS

Because microbial secondary metabolites are the primary precursors for many bio-
logical activities, investigating such metabolites using various analytical approaches is a
prerequisite for gaining a deep and comprehensive understanding of biological control
toward novel applications [93]. GC–MS analysis is currently a reliable and robust analytical
technique, widely applied in bioactive compound analysis and identification [94]. In the
present study, the identification of bioactive compounds in the ethyl acetate extract of
HA1-CF was conducted by using the mass spectrum of a GC–MS instrument. Results of
our GC–MS analyses indicated the presence of 15 different components in HA1-CF; the
most abundant compounds are presented in Table 3. The dominant compound detected
was phenol, 2,4-bis(1,1-dimethylethyl)- at a retention time of 12.19. Interestingly, phenol,
2,4-bis (1,1-dimethylethyl)- has been reported to accumulate in plant cells under fungal
and bacterial attack, and represents a major compound contributing to disease resistance
in avocado and Malaysian mango kernel through inhibition of reactive oxygen species
(ROS) produced by the pathogen [95,96]. TMV infection is usually associated with elevated
levels of ROS [55,56], therefore, inhibition of ROS could alleviate the symptoms of viral
infection. Furthermore, several amino acid residues, such as L-proline, N-valeryl, and
heptadecyl ester, were detected in our analyses at a retention time of 15.54. Some addi-
tional compounds were also detected in the HA1-CF, as indicated in Table 3. The GC–MS
results indicated the presence of two fatty acids, eicosane (a long-chain fatty acid) and
pentadecanoic acid (asaturated fatty acid) in the HA1-CF at a retention time of 13.7 and
15.48 min, respectively. Eicosane is a biologically active compound derived from Strep-
tomyces sp., shown to be a potent antifungal in treating Rhizoctonia solani spot disease in
tobacco leaves [97]. The presence of eicosane has also been reported in other microbes [98],
as well as plant extracts that exhibit major antimicrobial activities [99]. Another compound,
Pyrrolo [1,2-a] pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- was also detected at a re-
tention time of 15.435 min (Table 3). Pyrrole and pyrrolizidines are well-known heterocyclic
compounds with diverse biological activities such as antimicrobial, anticancer, antiviral,
and anti-inflammatory effects [100]. The unique structures of pyrrole and pyrrolizidines
with at least two different elements broaden their biological activities and applications,
accounting for more than 75% of the currently applied drugs in clinical use [101]. The
findings are consistent with the previously reported efficacy of B. velezensis PEA1 as a
Fusarium oxysporum inhibitor, as well as an enhancer of systemic resistance to Cucumber
mosaic virus in Datura stramonium, which was attributed to the presence of several different
pyrrolo[1,2-a]pyrazine-1,4-dione compounds in the culture filtrate extract [48]. In addition,
pyrrole and pyrrolizidines have been detected in various microbial extracts displaying
potent biological activities, including antimicrobial [102], antioxidant [103], and antiviral
effects [104]. Accordingly, our GC–MS analysis results revealed the presence of several
biologically active compounds with reported antifungal and antibacterial activities in the
HA1-CF supernatant. Importantly, the current study demonstrated a significant antivi-
ral activity against TMV, plus the growth stimulation properties of HA1-CF in tomatoes.
However, further investigations are required to directly associate the above-mentioned
biological activities to the compounds we have detected in HA1-CF.
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Table 3. The highest six compounds detected in HA1-CF as revealed with GC–MS analysis.

Peak
R. Time
(min.)

Area Name
Chemical
Formula

Molecular Structure

2 11.960 560.11 Nonane,
5-(2-methylpropyl)- C13H28

3 12.187 1.592.35 Phenol, 2,4-bis(1,1-
dimethylethyl)- C14H22O

6 13.689 475.26 Eicosane C20H42

12 15.435 535.02

Pyrrolo[1,2-
a]pyrazine-1,4-dione,

hexahydro-3-(2-
methylpropyl)-

C10H16N2O2

13 15.481 549.58 Pentadecanoic acid C15H30O2

14 15.542 835.29 L-Proline, N-valeryl-,
heptadecyl ester C26H49NO3

4. Conclusions

We have demonstrated that, under greenhouse conditions, the foliar application of
the culture filtrate of B. subtilis strain HA1 (HA1-CF) significantly enhances tomato growth
parameters and antioxidant enzyme activities (PPO, SOD, and POX) that alleviate the oxida-
tive stress resulting from TMV infection in all treated plants compared to non-treated plants.
Furthermore, HA1-CF treatments resulted in the induction of different defense-related
genes (PR-1, PAL, CHS, and HQT) and a significant decline in TMV accumulation, indicating
the activation of induced resistance, effective against TMV. Certain compounds detected in
the ethyl acetate extract of HA1-CF (e.g., phenol, 2,4-bis (1,1-dimethylethyl)-, Pyrrolo[1,2-
a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-, and eicosane) could potentially be
used as plant growth promoters and defense modulatory agents to protect tomato plants
against TMV infection. However, further investigations are required to elucidate the differ-
ent antiviral properties of HA1-CF before it can be used in open-field applications or for
commercial purposes. Future research should primarily focus on optimizing and testing
the culture filtrate in different plant-virus systems.
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Rasiukevičiūtė, N.; Valiuškaitė, A.
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Abstract: Seed-borne pathogens reduce the quality and cause infections at various growth stages
of horticultural crops. Some of the best-known are fungi of genus Alternaria, that cause destructive
vegetable and other crop diseases, resulting in significant yield losses. Over several years, much
attention has been paid to environmentally-friendly solutions for horticultural disease management
regarding the environmental damage caused by chemicals. For example, plant extracts and essential
oils could be alternative sources for biopesticides and help to control vegetable seed-borne pathogens.
This study aimed to evaluate essential oils’ influence on the growth of seed-borne fungi Alternaria spp.
The microbiological contamination of vegetable seeds (carrot, tomato, onion) was determined by the
agar-plate method. The essential oils’ impact on the growth of fungi was evaluated by mixing them
with PDA medium at different amounts. The hydrodistillation was used for extraction of thyme and
hyssop essential oils, and common juniper essential oil was purchased. The investigation revealed
that the highest contamination of carrot and tomato seeds was by Alternaria spp. fungi. Furthermore,
the highest antifungal effect on Alternaria spp. growth was achieved using 200–1000 μL L−1 of thyme
essential oil. Meanwhile, the antifungal effect of other investigated essential oils differed from low
to moderate. Overall, essential oils expressed a high potential for fungal pathogens biocontrol and
application in biopesticides formulations.

Keywords: Thymus vulgaris; Juniperus communis; Hyssopus officinalis; Alternaria spp.; biocontrol

1. Introduction

Vegetables are a crucial part of food production and are consumed worldwide. How-
ever, fungal diseases often lead to significant economic yield losses [1]. For example,
horticultural production yield spoilage caused by fungal Alternaria species ranges from
20% to 80% [1,2]. This fungus can induce seedling death, petiole base blackening, leaf
death or blight, leaf lesions, stem canker, black rot, and other symptoms depending on the
host plant [3,4]. Alternaria spp. can also be considered a seed-borne pathogen, responsible
for destructive diseases of various vegetables such as carrot, tomato, onion, etc. [1]. For
example, Alternaria radicina Meier, Drechsler, and Eddy is known primarily as a carrot
pathogen, responsible for root and crown disease and causing foliar blight under certain
conditions. Alternaria dauci (Kühn) Groves and Skolko mainly cause carrot Alternaria leaf
blight. However, A. dauci has also been documented to cause disease on parsnip, spinach,
celery, and parsley [5]. Alternaria solani (Ellis and Martin) Sorauer causes early blight on
foliage, collar rot on basal stems of seedlings, stem lesions on adult plants, and fruit rot of
tomatoes [6]. Sources indicate that Alternaria arborescens Keissler also causes stem canker of
tomato [7]. The purple blotch of onion is a disease caused by Alternaria porri (Ellis) Cif. [8].
Alternaria alternata (Fr.) Keissl. causes a black spot in many fruits and vegetables around the
world. Some studies reported seed contamination with various Alternaria species, including
saprotrophic A. alternata, Alternaria tenuissima Samuel Paul Wiltshire, Alternaria longipes
(Ellis and Everh.) E.W. Mason [9–11]. In addition, due to its presence on the seeds’ surface,
Alternaria spp. can adversely affect seed germination [1,3,12]. Therefore, high-quality, fungi-
free seeds are prioritised because vegetable consumption increases yearly [3]. Seed-borne

Horticulturae 2022, 8, 220. https://doi.org/10.3390/horticulturae8030220 https://www.mdpi.com/journal/horticulturae
171



Horticulturae 2022, 8, 220

diseases can be controlled by selecting resistant varieties, production technology, seed
treatments and dressings, and soil disinfection [13]. Over the last several decades, seed and
soil or foliar treatments with synthetic chemicals have been shown to prevent plant disease
epidemics caused by seed-borne fungi [14–19].

Nevertheless, following regulation No. 1452/2003 developed by the European Com-
mission, organic horticulture is limited to using only organic seeds [20]. Therefore, fungi-
cides in organic production are not used for seeds to prevent the influence of micromycetes.
Additionally, their non-target impact on pathogen resistance gain risks to human health
and other organisms. Chemical nature and horticultural products pollution by pesticide
residues has encouraged the investigation for alternative solutions to control and make
horticulture more sustainable [21,22].

Essential oils, due to their broad applicability in various industries, like pharmacy or
food industries, have received much attention [23,24]. Furthermore, more comprehensive
studies of essential oils revealed their potential in environmental-friendly horticultural
disease management as they have antiseptic, antiviral, antibacterial, and antifungal proper-
ties [25,26]. Additionally, essential oils, as secondary metabolites, exhibit high plant defence
effects, are non-toxic, biodegradable, and limit pathogenic organisms [24,27]. Due to these
features, they can be applied as biopesticides for alternative plant protection. For example,
Karaca et al. [28] reported good inhibition of investigated fungal species growth under
oregano, mint, and clove essential oils application. Muthukumar et al. [29] also stated sig-
nificant results of geranium and palmarosa essential oils efficacy against rice micromycetes
of genera Cochliobolus and Fusarium. According to other studies, thyme essential oil has a
potent antifungal effect on the development of fungal plant pathogens [19,24,25,28,30–33].

The literature review showed that there is a lack of studies regarding environmentally
friendly ways to prevent fungal infections of vegetable seeds. Hence, the aim of this study
was to determine the predominant seed-born fungi in carrot, tomato, and onion seeds, then
to evaluate the antifungal activity of essential oils of thyme, hyssop, and common juniper
on the growth of Alternaria spp.

2. Materials and Methods

2.1. Seed Samples

For the research, three seed samples of carrot, onion, and tomato were obtained
from the Department of Vegetable Breeding and Technology, Institute of Horticulture (IH),
Lithuanian Research Centre for Agriculture and Forestry (LAMMC) (Table 1).

Table 1. Vegetable seeds used in the experiments.

Common Name Botanical Name Cultivar

Carrot Daucus carota sativus L. Svalia
Tomato Solanum lycopersicum L. Rutuliai
Onion Allium cepa L. Babtų didieji

Vegetable seeds were surface-sterilised by rinsing them in 70% ethanol for 3 min and
then washing them three times with sterile distilled water for 5 min in total [34]. After this,
seeds were left to dry for 5–10 min in laminar flow. The internal seeds infestation with fungi
was determined when external microorganisms were removed during surface sterilisation.

2.2. Determination of Predominant Fungi

The microbiological contamination of seeds samples was evaluated using the agar-
plate method [35]. The potato dextrose agar (PDA) medium (Sigma-Aldrich, St. Louis,
MO, USA) composed of 15 g L−1 agar, 20 g L−1 dextrose, and 4 g L−1 potato extract was
autoclaved and distributed to the Petri dishes [36]. Prepared surface-sterilised samples
were arranged in a square shape (five rows and five columns) on each Petri dish (Figure 1)
and kept at 22 ± 2 ◦C temperature in the dark [37,38].
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Figure 1. Arrangement of 25 seeds.

The experiment was repeated twice (four replications of each treatment). While
inspecting the internal infestation of seeds, the settlements of fungi were counted to get
the percentage of dominating fungi in the treatment after 2, 5, and 7 days of incubation
(DOI). Visual and microscopical fungi identification was made based on morphological
and cultural characteristics typical to the colonies [17,39]. Their detection frequency was
determined using the detection rate of micromycetes: less than 30%—random species, more
than 30%—typical species, more than 50%—dominant species [40].

2.3. Essential Oils Efficacy Assay

Three essential oils of thyme (Thymus vulgaris L.), hyssop (Hyssopus officinalis L.), and
common juniper (Juniperus communis L.) were used in the experiment. The essential oils of
thyme and hyssop were separately hydro-distilled for 2 h using Clevenger type of appara-
tus [41] from naturally dried herb material, harvested from the experimental fields of IH,
LAMMC. The essential oil of the common juniper was purchased (Naujoji Barmune, Vil-
nius, Lithuania). The major compounds of thyme essential oil: thymol (41.35%), p-cymene
(16.95%), and γ-terpinene (10.81%), were identified earlier by Morkeliūnė et al. [32]. The
hyssop essential oil was characterised by cis-pinocamphone (40.16%), β-phellandrene
(12.51%), and β-pinene (8.07%) and the process of chemical analysis was described previ-
ously by Šernaitė et al. [42]. The essential oil of the common juniper was mainly charac-
terised by α-pinene (21.0–67.4%) and myrcene (7.8–18.7%) chemotypes [43].

Then, different amounts of each essential oil were added to one litre PDA medium
after cooling to 45 ◦C, to get 200, 400, 600, 800, and 1000 μL L−1 concentrations, then mixed
and poured into new Petri plates [44]. A control treatment was without essential oil in
PDA, prepared as previously described. Treatments with thyme essential oil were coded T1,
hyssop—T2, and common juniper—T3. Surface-sterilised samples of each seeds cultivars
were placed in the same order as before (Figure 1) on PDA with different essential oil
concentrations and incubated at 22 ± 2 ◦C in the dark for 7 days. There were four replicates
for each vegetable seed cultivar, and the experiment was repeated twice.

The percentage of Alternaria spp. was calculated based on the number of grown fungal
colonies in each plate after 2, 5, and 7 DOI. Fungi were identified according to cultural
and morphological characteristics typical to the colonies [17,39]. Essential oils effect on
Alternaria species was evaluated according to the disease incidence using the formula below
(1) [12]:

Alternaria spp. incidence (%) = Number of seeds infected by Alternaria spp. × 100/Total number of infected seeds (1)
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Lower disease incidence showed effective essential oil mean activity for seed-borne
fungi control.

2.4. Statistics

The experimental data were analysed using the analysis of variance (ANOVA) from the
software SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA). Duncan’s multiple
range test (p < 0.05) was used to determine differences among the treatments.

3. Results

The fungal contamination of vegetable seeds at the 7 DOI is summarised in Table 2.
Carrot seeds were infected by 100%, and the predominant fungi were Alternaria spp. Fungi
of genera Penicillium and Fusarium occurrence reached up to 4% and were considered
random. However, the internal infection of tomato and onion seeds did not exceed 20%.
The Alternaria spp. also dominated on tomato seeds. Fungi of the genera Mucor and
Penicillium were typical for onion seeds and Aspergillus and Mucor for tomato seeds.

Table 2. Seeds contamination with fungi after seven days of incubation.

Seeds
Total Seeds
Infected, %

Fungal Contamination, %

Alternaria
spp.

Fusarium
spp.

Aspergillus
spp.

Mucor spp.
Penicillium

spp.
Mycelia
sterilia

Carrot 100 93.4 3.77 0 0 2.83 0
Tomato 20 50 0 15 25 0 10
Onion 15 20 0 0 40 40 0

As Alternaria species prevailed as the dominant fungi in vegetable seeds, it was decided
to test the influence of three essential oils (T1, T2, and T3) on the growth of seed-borne
fungi Alternaria spp. in vitro.

The incidence of Alternaria spp. on carrot seeds under the influence of T1, T2, and T3
treatments is presented in Figure 2.

The treatments applied to carrot seeds showed an intermittent effect. In the case
of treatments with T1, all concentrations significantly suppressed (p < 0.05) the growth
of seed-borne fungi. Furthermore, no colonies were detected at 2 DOI regardless of the
amount of essential oil. Meanwhile, the emergence of Alternaria species reached 33% at
2 DOI, 36% at 5 DOI, and 64% at 7 DOI in the control treatment.

During the first assessment, seeds infection with Alternaria fungi was 1% at 400 and
1000 μL L−1 of T2 treatment. Later, the abundance of these fungi was higher: 63% (200 μL
L−1), 68% (400 μL L−1), 74% (600 μL L−1), 48% (800 μL L−1), and 64% (1000 μL L−1) at
5 DOI. Likewise, 400 μL L−1 of T2 cause significant decreation of Alternaria incidence at
7 DOI. However, the remaining T2 concentrations of 200, 600, 800, and 1000 μL L−1 did not
affect fungal growth— Alternaria spp. incidence increased compared with the control at 5
and 7 DOI. Thus, the opposite effect of T2 was observed than expected.

The T3 treatment performed weaker on Alternaria spp. on the second incubation
day. Nevertheless, the 600 μL L−1 had the best antifungal activity. The 200 μL L−1 and
600–1000 μL L−1 of T3 slightly controlled the prevalence of the fungi compared to controls
at 5 DOI and did not differ significantly at 7 DOI. Still, the best fungal incidence suppression
was exhibited by 400 μL L−1 of this treatment at the fifth and seventh DOI.
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Figure 2. The incidence of Alternaria spp. on carrot seeds under the influence of thyme (T1), hyssop
(T2), and common juniper (T3) essential oils treatments after 2, 5, and 7 days of incubation (DOI);
according to Duncan’s multiple range test (p < 0.05), the same letters demonstrate no significant
differences between treatments at 2, 5, and 7 DOI.

The incidence of Alternaria spp. on tomato seeds under T1, T2, and T3 treatments is
presented in Figure 3. Evaluating the effect of T1 concentrations from 200 to 1000 μL L−1,
no colonies of Alternaria spp. were observed at 2 and 5 DOI. However, 6% incidence was
reached at 7 DOI under 200 μL L−1.
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Figure 3. The incidence of Alternaria spp. on tomato seeds under the influence of thyme (T1), hyssop
(T2), and common juniper (T3) essential oils treatments after 2, 5, and 7 days of incubation (DOI);
according to Duncan’s multiple range test (p < 0.05), the same letters demonstrate no significant
differences between treatments at 2, 5, and 7 DOI.
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Meanwhile, T2 performed a weaker impact on fungi occurrence, although no fungal
colonies were noticed at 2 DOI. The development of micromycetes was observed: 1% under
200 μL L−1, 2%—400 μL L−1, 10%—800 μL L−1, and 2%—1000 μL L−1 at 5 DOI. During
the third estimation, the number of Alternaria spp. increased 2–6% from the previous
evaluation. However, none of the T2 values exceeded those of the control incidence; the
prevalence value of Alternaria spp. came up with 6% at 5 DOI and 20% at 7 DOI.

Estimation of tomato seeds incidence with Alternaria species at different concentrations
of T3 revealed that fungi infected 1% of seeds under the lowest concentration used at 5 DOI.
Later, the incidence increased to 2% under 200 μL L−1 and 1% under 400 μL L−1 of T3 at
7 DOI. The T3 treatment concentrations from 600 μL L−1 had significant antifungal activity
at 2, 5, and 7 DOI.

The influence of T1, T2, and T3 treatments on the onion seeds infestation with Alternaria
spp. is presented in Figure 4. At 5 DOI, the frequency in control was 18%, and at 7 DOI,
20%. The assay with T1 (200–1000 μL L−1) revealed total development inhibition of the
genus Alternaria fungi at all assessment days.
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Figure 4. The incidence of Alternaria spp. on onion seeds under the influence of thyme (T1), hyssop
(T2), and common juniper (T3) essential oils treatments after 2, 5, and 7 days of incubation (DOI);
according to Duncan’s multiple range test (p < 0.05), the same letters demonstrate no significant
differences between treatments at 2, 5, and 7 DOI.

T2 treatment also gave excellent inhibition of Alternaria fungi growth recorded only
with 200 and 400 μL L−1 at 7 DOI.

However, the overall antifungal effect of T3 treatment at concentrations from 200 to
1000 μL L−1 was average compared to the control evaluating onion seeds at 2, 5, and 7 DOI.
In addition, the augmentation of Alternaria spp. was observed in all treatments (control, T1,
T2, and T3) at 2 DOI. Therefore, the 400 and 1000 μL L−1 of all T3 treatment concentrations
had the best antifungal activity on Alternaria spp. incidence.

From all T1, T2, and T3 treatments applied on the carrot, tomato, and onion seeds, the
T1 at all rates most significantly inhibited the growth of Alternaria spp., and concentrations
from 400 μL L−1 of T3 also showed modest antimycotic results. It is important to remember
that tomato and onion seeds had less internal contamination with pathogenic fungi than
carrot seeds.
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4. Discussion

Innovative plant protection solutions are necessary due to the chemical fungicides’
negative impact on ecology and seeds germination issues caused by infestation with
Alternaria spp. [12,21,22]. Therefore, appropriate antifungal measures and their application
strategy are crucial. The current study provides the latest findings regarding the antifungal
effects of plant-based substances on the seed-borne fungi of the genus Alternaria isolated
on tomato, carrot, and onion seeds.

Fungi incidence on vegetable seeds was significantly reduced by thyme (T1) treatment
at all rates (200–1000 μL L−1). There are numerous investigations about thyme essential
oil antimicrobial impacts determined by the main chemotypes of thymol, γ-terpinene,
p-cymene, β-caryophyllene, and carvacrol [19,24,25,27,28,30–33]. Some other experiments
reported an effective control mechanism for Alternaria and other genera fungi on carrot and
tomato seeds by this oil [30,31,33,45,46]. For example, Dorna and Szopińska [30] noticed
that different applications of commercial oils involving thyme, possibly with 22–38% of
thymol and 1–2% carvacrol, reduced the fungal contamination of the carrot seeds (cultivar
‘Flakkese 2′), including Alternaria alternata (Fr.) Keissl. micromycetes. Contrary, the
incidence of Alternaria dauci (J.G. Kühn), J.W. Groves and Skolko, and Alternaria radicina
Meier, Drechsler, and E.D. Eddy increased under this oil influence in the case of seed
cultivar ‘Amsterdam 3′ [30]. The same good effects of the treatment were seen against
Alternaria spp. when a ‘Laguna’ cultivar seed sample was stirred in 1% oil emulsion for
four hours. Nevertheless, the authors emphasised that choosing the optimal concentration
is critical due to inherent oil phytotoxicity, and they recommended pre-testing [31]. Our
results with T1 (41.35% of thymol) treatment support Riccioni and Orzali research [46],
where a thyme essential oil (41% of thymol) concentration range of 0.05–1% considerably
reduced the development of A. dauci in vitro.

Our results revealed that the effect on vegetable seeds was unequal when applying
hyssop (T2) essential oil. It had the most negligible impact on carrot seeds, then better
than average on tomato seeds, and the best fungi growth inhibition on onion seeds. It did
not inhibit fungal development on carrot seeds and even promoted it compared to the
control. Nonetheless, Fraternale et al. [47] have described various phytopathogenic fungi,
like Rhizoctonia solani Ell. et Mart, Botrytis cinerea Pers., Fusarium graminearum Schwabe
(ATCC 15624) as significantly sensitive to two hyssop essential oils. These oils were
mainly characterised by pinocamphone (34% and 18.5%), β-pinene (10.5% and 10.8%), and
isopinocamphone (3.2% and 29%). Their experiment also revealed that concentrations of
1400 and 1600 μL mL−1 of both oils inhibited 13 different fungal plant pathogens by 100%,
Alternaria solani Ell. et Mart either. The seeds utilised in our experiments were characterised
by higher contamination of Alternaria species. Thus, according to previously discussed
results, the tested concentrations of T2 treatment were not high enough to achieve expected
efficacy in our experiment. Still, the similarity between chemical compositions of T2 (cis-
pinocamphone, 40.16%; β-phellandrene, 12.51%; β-pinene, 8.07%) and earlier described
hyssop oil [40] prompts a potentially optimistic effect of higher T2 concentrations. Moreover,
many studies investigated hyssop antimicrobial properties on other microorganisms and
substances of this herb exhibited undeniable prospects [48].

Our study found that common juniper T3 inhibited Alternaria spp. depending on
seeds, and the concentration of 400 μL L−1 was most effective in all seed experiments. T3
active compounds were possibly α-pinene (21.0–67.4%) and myrcene (7.8–18.7%). Other
authors found that common juniper essential oil was effective against some soil- and seed-
borne pathogens. For example, in Zabka et al. [49] research, 1 μL mL−1 concentration of
this oil moderately influenced pathogens, such as Fusarium verticillioides (Sacc.) Nirenberg,
Fusarium oxysporum Schlechtendahl, Aspergillus fumigates Fresenius, Aspergillus flavus Link,
Penicillium expansum Link, and Penicillium brevicompactum Dierckx; the effect on Alternaria
species was not studied. Indeed, thyme oil was described as the most robust to reduce
target fungi growth [49]. Additionally, good antimicrobial activity (A. flavus, A. niger, and
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Candida albicans (C.P. Robin) Berkhout) of methanolic extract of Juniperus communis L. was
highlighted, emphasising the leading activity against A. niger and A. flavus [50].

To conclude, essential oils of hyssop and common juniper resulted in a moderate
capability to control the seed-borne fungi on tested samples of vegetable seeds. Besides,
results demonstrated that thyme essential oil had a significant reducing impact on the
carrot, tomato, and onion fungi, affirming what is already published in the literature.
Despite this, as in vitro effects do not always positively affect in vivo performances, further
studies are required to prove the effectiveness in field conditions as seeds treatments and
their possible phytotoxicity on the plant or seed material. Furthermore, thyme essential oil
is a promising agent for vegetable seed-borne fungi Alternaria spp. management.
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30. Dorna, H.; Qi, Y.; Szopińska, D. The effect of acetic acid, grapefruit extract and selected essential oils on germination, vigour and
health of carrot (Daucus carota L.) seeds. Acta Sci. Pol. Hortorum Cultus 2018, 17, 27–38. [CrossRef]

31. Koch, E.; Schmitt, A.; Stephan, D.; Kromphardt, C.; Jahn, M.; Krauthausen, H.J.; Forsberg, G.; Werner, S.; Amein, T.; Wright,
S.A.I.; et al. Evaluation of non-chemical seed treatment methods for the control of Alternaria dauci and A. radicina on carrot seeds.
Eur. J. Plant Pathol. 2010, 127, 99–112. [CrossRef]
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Abstract: Apple replant disease (ARD), caused largely by soil-borne fungal pathogens, has seriously
hindered the development of the apple industry. The use of antagonistic microorganisms has been
confirmed as a low-cost and environmentally friendly means of controlling ARD. In the present study,
we assessed the effects of Bacillus amyloliquefaciens QSB-6 on the growth of replanted apple saplings
and the soil microbial environment under field conditions, thus providing a theoretical basis for
the successful use of microbial biocontrol agents. Four treatments were implemented in three apple
orchards: untreated replant soil (CK1), methyl bromide fumigation (CK2), blank carrier treatment
(T1), and QSB-6 bacterial fertilizer treatment (T2). The plant height, ground diameter, and branch
length of apple saplings treated with T2 in three replanted apple orchards were significantly higher
than that of the CK1 treatment. Compared with the other treatments, T2 significantly increased
the number of soil bacteria, the proportion of actinomycetes, and the activities of soil enzymes. By
contrast, compared with the CK1 treatments, the phenolic acid content, the number of fungi, and the
abundance of Fusarium oxysporum, Fusarium moniliforme, Fusarium proliferatum, and Fusarium solani
in the soil were significantly reduced. PCoA and cluster analysis showed that soil inoculation with
strain QSB-6 significantly decreased the Mcintosh and Brillouin index of soil fungi and increased
the diversity of soil bacteria in T2 relative to CK1. The soil bacterial community structure in T2 was
different from the other treatments, and the soil fungal communities of T2 and CK2 were similar.
In summary, QSB-6 bacterial fertilizer shows promise as a potential bio-inoculum for the control
of ARD.

Keywords: apple replant disease; Bacillus amyloliquefaciens; phenolic acid; soil microorganisms

1. Introduction

In the main apple planting regions of China, many old apple orchards are facing
renewal but are limited by land resources, leading to the development of apple replant
disease (ARD), which seriously affects the yield and quality of apples [1,2]. The disease
is particularly harmful to young, replanted apple trees, causing slow growth, disease
susceptibility, stopping root growth, below-ground necrosis, and even death in severe
cases [3,4]. Previous studies have reported that replant disease does not arise from a
single cause, but instead emerges from a combination of biotic and abiotic factors. The
abiotic factors include allelopathy, autotoxicity, and soil physicochemical imbalances [5–8].
The biotic factors include the accumulation of soil-borne pathogens such as nematodes
(Pratylenchus spp.), fungi (Rhizoctonia solani, Fusarium spp., and Cylindrocarpon spp.) and
oomycetes (species of Pythium and Phytophthora). Although it is generally believed that
replant disease results from a combination of biotic and abiotic factors, biotic factors play
a leading role in disease development [2,3,8–10]. This has been widely demonstrated in
other studies through soil pasteurization and biocide application [11–13].
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Sheng et al. [14] demonstrated that the relative abundances of F. oxysporum and F. solani
were significantly reduced after the replant soil was fumigated with methyl bromide. Quan-
titative analysis based on qPCR confirmed the wide distribution of F. oxysporum in replanted
soil around the Bohai Gulf region, and F. verticillioides (formerly F. moniliforme), F. solani,
F. oxysporum, and F. proliferatum isolated from apple replant soil around the Bohai Gulf
region were highly pathogenic to Malus hupehensis seedlings. These findings demonstrate
that Fusarium spp. are among the main soil-borne pathogenic fungi that cause ARD in
China [15–18], and similar results have been reported from orchards in South Africa [10].
Fusarium spp. can survive saprophytically in soil or crop debris for more than six years. It
infects the roots of susceptible hosts, colonizes the vascular system of plants, and produces
toxins that kill plants by blocking xylem vessels and restricting water transport [19–21].
Traditional control methods, such as crop rotation and organic material application, are
usually ineffective against this pathogen, and the cultivation of disease-resistant rootstocks
and the application of chemical fumigants (e.g., methyl bromide) are the main measures
used to control ARD. However, methyl bromide has been gradually eliminated because
of its high environmental toxicity and time-consuming application [12,22–24]. The use of
biological control agents (BCAs) is considered to be a safe, environmentally friendly, and
sustainable means of protecting plants from soil-borne pathogenic fungi, and it has been
widely used to control various fungal diseases of greenhouse and field crops. Therefore,
the development of BCAs is one of the main directions for disease control research in the
future [25–27].

Among the previously developed BCAs, Pseudomonas spp., arbuscular mycorrhizal
fungi, Bacillus spp., and Trichoderma spp. have been reported to be effective antagonists
against wilt caused by Fusarium spp. under field conditions [28–33]. Bacillus spp. offer
several advantages over other BCAs for protection against root pathogens, including broad-
spectrum activity of their antifungal secondary metabolites, plant growth promoting (PGP)
properties, unique sporulation capacity, and ability to resist various stresses, which facili-
tates their long-term storage and commercialization [34,35]. Haddoudi et al. [36] revealed
that the application of Bacillus amyloliquefaciens, Bacillus velezensis, Bacillus subtilis, and
Bacillus mojavensis significantly reduced broad bean Fusarium wilt caused by Bacillus equise-
tum under greenhouse conditions and promoted plant growth. Zheng et al. [37] reported
that B. velezensis D61-A had strong inhibitory activity against R. solani; its control efficacy
reached 61.5% and 74.6% in the greenhouse and the field, respectively. Anusha et al. [38] ob-
tained five strains of Bacillus spp. with strong antagonistic effects on F. oxysporum f. sp. ciceri
from rhizosphere soils. Plants treated with these strains showed reduced disease incidence
and delayed symptom development relative to non-inoculated controls under greenhouse
and wilt-infested field conditions. Therefore, the introduction of disease-suppressing
microorganisms is of great significance to the control of ARD [39,40].

In earlier work, we isolated a strain of B. amyloliquefaciens QSB-6 with broad-spectrum
antifungal properties. Its fermentation broth was found to contain antibacterial substances
(1,2-benzenedicarboxylic acid and benzeneacetic acid, 3-hydroxy-, methyl ester) with
growth-promoting properties that significantly inhibited the mycelial growth and spore
germination of F. oxysporum, F. moniliforme, F. proliferatum, and F. solani. These substances
also protected the roots of M. hupehensis seedlings from F. oxysporum, F. moniliforme, F.
proliferatum, and F. solani damage and promoted plant growth in a pot experiment [18].
Here, on the basis of these initial results, we evaluated the effects of B. amyloliquefaciens
QSB-6 as a biological control agent of ARD under field conditions. Our specific aims were to
evaluate the effects of QSB-6 on: (i) the growth of replanted apple saplings; (ii) the microbial
diversity and community structure of the rhizosphere soil; and (iii) soil enzyme activities
and the phenolic acid content. Lastly, we evaluated this new method in the renewal of
aging apple orchards.
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2. Materials and Methods

2.1. Bacterial Fertilizer Production

A strain of B. amyloliquefaciens QSB-6 was previously isolated from the rhizosphere
soil of healthy apple trees in a replanted orchard and demonstrated to have good inhibitory
effects on F. oxysporum, F. moniliforme, F. proliferatum, and F. solani [18].

QSB-6 bacterial fertilizer was produced by Chuangdi Microbial Resources Co., Ltd.
(Dezhou, China). The production process was as follows: strain QSB-6 was first subjected to
liquid fermentation for 12 h in an optimal flask fermentation medium that contained 20.0 g
sucrose, 15.0 g yeast extract, 1.0 g MnSO4, 2.0 g NaH2PO4·2H2O, 4.0 g Na2HPO4·2H2O,
and 1 L distilled water. The liquid inoculum was then thoroughly and evenly mixed with
sterilized, decomposed carrier (3:1 cow dung:wheat straw by weight). The mixture was
stored in a cool place, covered with a plastic sheet, and maintained at a temperature of
35–38 ◦C and a humidity of 45%. After 12–24 h, it was placed in a sealed container and
used after 15 days of fermentation when the bacterial density was 5.0 × 109 CFU·g−1.
The content of organic matter was 35.57%, available nitrogen was 0.36 mg·g−1, available
phosphorus was 1.49 mg·g−1, and available potassium was 1.03 mg·g−1.

2.2. Test Materials

The apple seedlings used in the experiment were two-year-old grafted seedlings. The
rootstock was T337, and the scion was Yanfu 3. The grafted seedlings had a stem thickness
of approximately 10 mm and a stem height of approximately 1.4 m. They were purchased
from Laizhou Nature Horticultural Technology Co., Ltd. (Laizhou, China). The row spacing
of the plants was 1.5 m × 4 m, and the trees were pruned to a spindle shape.

2.3. Field Experiment

The field test was carried out in Wangtou Village, Laizhou City (119.81 longitude,
37.10 latitude), Sujiadian Town, Qixia City (120.83 longitude, 37.28 latitude), and Yiyuan,
Zibo City (118.43 longitude, 36.09 latitude) in Shandong Province, China. The soil textures
at the Laizhou (LZ), Qixia (QX), and Yiyuan (TY) sites were clay loam, sandy loam, and
loam, respectively. Physicochemical properties of the soils are presented in Table 1. In
March 2021, 30-year-old trees were removed from the orchards, and replanted orchards
were established simultaneously.

Table 1. Basic physical and chemical properties in the rhizosphere soil in three orchards.

Place
Ammonium-

Nitrogen
(mg kg−1)

Nitrate
Nitrogen

(mg kg−1)

Organic
Matter (%)

Available
Phosphorus
(mg kg−1)

Soil Bulk
Density
(g cm−3)

Available
Potassium
(mg kg−1)

Soil pH
Soil Moisture
Content (%)

LZ 1.5 ± 0.0 b 39.2 ± 1.1 b 2.2 ± 0.1 a 17.5 ± 0.0 c 1.0 ± 0.1 a 63.2 ± 8.8 c 7.1 ± 0.0 a 8.9 ± 0.2 a
QX 1.6 ± 0.0 b 42.8 ± 0.2 a 2.2 ± 0.0 a 19.2 ± 0.3 b 1.2 ± 0.1 a 108.4 ± 5.0 b 6.7 ± 0.3 a 10.3 ± 1.7 a
TY 2.3 ± 0.2 a 43.7 ± 0.2 a 2.3 ± 0.0 a 21.7 ± 0.5 a 1.1 ± 0.1 a 223.3 ± 11.7 a 7.1 ± 0.0 a 11.5 ± 1.1 a

LZ: Laizhou, QX: Qixia, TY: Yiyuan. Numbers followed by the same letter in each column are not significantly
different based on the Duncan multiple range test at p < 5%.

The experiment consisted of four treatments: 30-year-old orchard soil (CK1), 30-year-
old orchard soil fumigated with methyl bromide (CK2), bacterial fertilizer carrier treatment
(T1), and QSB-6 bacterial fertilizer treatment (T2). The planting holes (80 cm3) were dug
according to the row spacing, and the bacterial manure carrier or QSB-6 bacterial manure
were mixed with the soil and backfilled. Each soil amendment was applied at a rate of
1 kg per tree, and there were 20 trees per treatment. All measurements (plant height,
ground diameter, number of branches, and length of new branches) and soil sampling were
performed on 20 October 2021. A Canon PowerShot G16 camera was used to photograph
the saplings. The surface soil was removed, and multiple soil samples were collected within
a 0.5-m radius around each sapling. Three replicate samples from each treatment were
used for each measurement. First, impurities, such as roots, weeds, soil organisms, and
stones, were removed from each soil sample. Next, each sample was divided into three
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portions: one portion was stored in a refrigerator at 4 ◦C for the determination of culturable
microbes; one portion was air-dried for the measurement of soil enzyme activities, nutrient
content, and phenolic acid content; and one portion was stored in a freezer at −80 ◦C for
DNA extraction, real-time fluorescence quantitative PCR (qPCR), and terminal-restriction
fragment length polymorphism (T-RFLP) analysis [14].

2.3.1. Soil Physical and Chemical Properties

The soil organic matter content was determined by potassium dichromate capacity-
spectrophotometry as described in the Soil Physical and Chemical Analysis Experiment
Guide [41]. Soil ammonium-nitroge and nitrate nitrogen contents were determined by
colorimetric methods, soil available phosphorus content was determined by the 0.05 M
NaHCO3 method, and soil available potassium content was determined by flame photom-
etry. The soil bulk density was determined by the ring knife method, and the moisture
content was determined by drying at 105 ◦C. Soil pH was measured in a water extract
(1:2.5, w/v) using a Shanghai Lei PHS-3EJ Magnetic Benchtop pH Meter (Shanghai, China).
The particle size distribution (the percentages of clay, silt, and sand) was determined by
hydrometry [42].

2.3.2. Microbial Culture Methods

Soil microbial populations (bacteria, fungi, and actinomycetes) were assessed by the
dilution method of plate counting described by Zhang et al. [43]. Bacteria, fungi, and
actinomycetes were incubated in beef broth peptone substrate, potato dextrose agar (PDA;
Difco, Detroit, MI, USA), and Gause No. 1 substrate, respectively. Five plates per dilution
were used for each measurement of each soil sample, and the populations of bacteria, fungi,
and actinomycetes were quantified as CFU per gram of dry soil.

2.3.3. Determination of Soil Enzyme Activities

Soil urease activity was measured by the indophenol blue colorimetric method as
described in the instructions of the solid-urease (S-UE) activity kit. Soil neutral phosphatase
activity was measured by the disodium phenyl phosphate method as described in the
instructions of the soil neutral phosphatase (S-NP) activity kit. Soil sucrase activity was
measured by the 3,5-dinitrosalicylic acid (DNS) method as described in the instructions of
the soil sucrase (S-SC) activity kit. The measurement of soil catalase activity used H2O2,
which has a characteristic absorption peak at 240 nm. The specific method is described
in the instructions of the solid-catalase (S-CAT) activity kit. All kits were purchased from
Suzhou Keming Biotechnology Co., Ltd. (Suzhou, China).

2.3.4. Quantitative Determination of Soil Phenolic Acids by HPLC

The soil phenolic acid content was measured using the method of Yin et al. [44]. A
sample of dry soil (100 g) was passed through a 12-mesh size sieve, mixed with diatoma-
ceous earth, and placed into a 100-mL extraction tank. The ASE 350 Fast Solvent Extractor
(Sunnyvale, CA, USA) was used to perform the extraction. First, absolute ethanol was
used as the extraction solvent, and static extraction was performed for 5 min at 120 ◦C
and 10.3 MPa two times, followed by a purge volume of 60% and a purge time of 90 s.
Next, the same sample was extracted again under the same conditions using methanol as
the extraction solvent. After the extraction was completed, the two solvents were mixed
and concentrated under reduced pressure at 34 ◦C to near dryness, and the sample was
then reconstituted with 1 mL methanol and passed through a 0.22-μm organic phase filter
membrane for HPLC analysis.

The HPLC procedure followed that described by Xiang et al. [45], with some modifica-
tions. An UltiMate 3000 HPLC system (Dionex) with an Acclaim 120 C18 column (3 μm,
150 mm × 3 mm) and a column temperature of 30 ◦C were used for quantification. The
mobile phase A was acetonitrile, and the mobile phase B was water (adjusted to pH 2.6
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with acetic acid). The flow rate was 0.5 mL·min−1, the automatic injection volume was
5 μL, and the detection wavelength was 280 nm. All reagents were chromatographic grade.

2.3.5. DNA Extraction from Four Species of Fusarium and Quantitative PCR

Sieved fresh soil (5.0 g) was used for DNA extraction with the DNeasy PowerMax
Soil Kit (Qiagen, Hilden, Germany). Quantitative PCR amplifications for standard and
environmental DNA samples were performed with a volume of 20 μL in each reaction
using SYBR Premix Ex Taq (Takara, Dalian, China) and a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) following the method of Duan et al. [18].
Each 20 μL PCR reaction contained 2 μL of genomic DNA, 10 μL of SYBR green PCR Mas-
ter Mix (TaKaRa Biotech, Dalian, China), 0.4 μL of each primer pair, and 7.2 μL of ddH2O.
Reactions were carried out using the following PCR cycling conditions: JR/JF and
CHR/CHF primer pairs, 95 ◦C 30 s, 94 ◦C 5 s (40 cycles), 60 ◦C 30 s, 72 ◦C 1 min, followed
by a 4 ◦C soak; CR/CF and FR/FF primer pairs, 95 ◦C 30 s, 94 ◦C 5 s (40 cycles), 65 ◦C 30 s,
72 ◦C 1 min, followed by a 4 ◦C soak. The primer pairs used in this experiment are as fol-
lows: JR (5′GGCCTGAGGGTTGTAATG-3′) × JF (5′CATACCACTTGTTGTCTCGGC-3′)
for F. oxysporum; CHR (5′GACTCGCGAGTCAAATCGCGT-3′) × CHF (5′GGGGTTTAAC
GGCGTGGCC-3′) for F. moniliforme; CR (5′GATCGGCGAGCCCTTGCGGCAAG-3′) × CF
(5′CGCCGCGTACCAGTTGCGAGGGT-3′) for F. proliferatum; FR (5′CGAGTTATACAACT
CATCAACC-3′) × FF (5′GGCCTGAGGGTTGTAATG-3′) for F. solani. Four species of
Fusarium DNAs were used as templates, and specific primers were used for PCR am-
plification. The purified PCR products were connected to pMD18-T vector (TaKaRa
Biotech, China), and transformed into E. coli competent cells DH5α (TaKaRa Biotech,
Dalian, China). After sequencing verification, the plasmid was extracted according to
the method of the plasmid extraction kit (TaKaRa Biotech, Dalian, China), its concen-
tration was measured and a gradient dilution with sterile water was carried out. The
standard curves were generated by plotting the cycle threshold (Cq) values obtained for
each specific DNA concentration versus the log of the initial concentration of species
DNA. The standard curve is as follows: F. oxysporum: y = −2.291x + 36.396, R2 = 0.993;
F. moniliforme: y = −3.495x + 12.421, R2 = 0.998; F. proliferatum: y = −3.675x + 9.128,
R2 = 0.999; F. solani: y = −2.352x + 26.941, R2 = 0.994. The concentration of plasmid DNA
was measured and converted to copy concentration using the following equation from
Whelan et al. [46]: DNA (copy) = [6.02 × 1023 (copies mol−1) × DNA amount (g)]/[DNA
length (bp) × 660 (g mol−1 bp−1)]. Sterile water was used as the negative control instead
of the template. All real-time PCR reactions were performed in triplicate with three
biological replicates, so that each treatment was analyzed nine times.

2.3.6. Terminal-Restriction Fragment Length Polymorphism (T-RFLP) Analysis

The DNA was amplified using the universal primers 27F-FAM/1492R and ITS1F-
FAM/ITS4R that target the bacterial 16S rRNA gene and the fungal ITS region between 18S
and 28S rRNA regions, respectively. The forward primers were labeled at the 5′ end with
6-carboxyfluorescein (FAM), which was synthesized by Sangon Biotech (Shanghai, China).
The specific steps are described in Xu et al. [47]. The 50-μL PCR mixture contained 0.6 μL of
5 U/μL Ex Taq (TaKaRa), 5 μL of 10 × Ex Taq Buffer, 1 μL of 2.5 mM dNTP mixture, 2 μL of
0.5 mM forward and reverse primers, 12.6 μL of ddH2O, and 2.0 μL containing 100 ng of the
extracted DNA template. The primer pairs used in this experiment are as follows: 27F-FAM
(5′AGAGTTTGATCCTGGCTCAG-3′) × 1492R (5′GTTACCTTGTTACGACTT-3′) for bacte-
ria; ITS1F-FAM (5′CTTGGTCATTTAGAGGAAGTAA-3′) × ITS4R (5′CAGGAGACTTGTAC
ACGGTCCAG-3′) for fungi [48,49]. All PCR amplifications were performed on an Applied
Biosystems 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). For bacteria,
PCR conditions consisted of 94 ◦C for 3 min, followed by 30 cycles at 94 ◦C for 45 s, 52 ◦C
for 45 s, and 72 ◦C for 1 min. A final extension was performed at 72 ◦C for 10 min. For
fungi, the PCR conditions consisted of 95 ◦C for 5 min, followed by 30 cycles at 94 ◦C for
30 s, 50 ◦C for 30 s, and 72 ◦C for 1 min. A final extension was performed at 72 ◦C for

185



Horticulturae 2022, 8, 83

10 min. Prior to digestion, PCR products were cleaned with the EZNA PCR Purification Kit
(OMEGA Bio-tek Inc., Doraville, GA, USA) following the manufacturer’s instructions and
quantified using a DNAmaster Nucleic Acid and Protein Analyzer (Dynamica, Scientific
Ltd., Newport Pagnell, UK). The purified PCR product (500 ng) was digested with MspI
(TaKaRa, Tokyo, Japan) for 16S rRNA gene amplicons and HinfI (TaKaRa, Japan) for ITS
amplicons in two separate reactions according to their protocols [50,51]. T-RFLP analysis
was run on an ABI 3730 DNA Analyzer (Applied Biosystems, Melbourne, Australia) by
Sangon Biotech Co., Ltd. (Shanghai, China) using LIZ-labeled GS500 (−250) as the internal
size standard.

2.4. Statistical Analysis

All statistical analyses were performed with IBM SPSS 20.0 (IBM SPSS Statistics,
IBM Corporation, Armonk, NY, USA). Different lowercase letters represent significant
differences between treatments (one-way ANOVA, p < 0.05) according to Duncan’s multiple
range test. The figures were plotted with Microsoft Excel 2013 (Microsoft Corporation,
Redmond, WA, USA) and GraphPad Prism 7.0 (GraphPad software, Inc., San Diego,
CA, USA). TBtools software was used for cluster analysis; similarities and differences
among treatments are indicated by the color gradient, and the color intensity is directly
proportional to substance content.

T-RFLP profiles were analyzed using Peak Scanner Software v1.0 (Thermo Fisher
Scientific, Wilmington, NC, USA); T-RFs < 50 bp in length and T-RFs that contributed
to <0.5% of total peak area in each sample were excluded from subsequent analyses.
The apparent T-RF sizes in capillary electrophoresis were compared against the MiCA
database to determine the phylotype [52]. The R statistical platform (v.4.1.1) was used
for principal component analysis (PCoA) and cluster analysis to study differences in
community composition among samples. Differences among samples were calculated by
Bray–Curtis dissimilarity, and analysis of similarity (ANOSIM) was performed to identify
significant differences among the fungal communities [53,54]. The richness index (SR) and
evenness index (E) were calculated using Bio-Dap software [18].

3. Results

3.1. Effect of Strain QSB-6 on the Biomass of Replanted Apple Saplings

The application of QSB-6 bacterial fertilizer (T2) increased the plant height, ground
diameter, and branch length of young apple trees relative to CK1 (Table 2). In Yiyuan,
Qixia, and Laizhou, T2 treatment increased plant height by 31.30%, 29.98%, and 24.78%, the
ground diameter by 37.84%, 42.28%, and 46.94%, and the average branch length by 34.62%,
43.46%, and 30.34% relative to the replant soil control (CK1). In Yiyuan, T2 treatment
increased the plant height and the ground diameter by 9.74% and 23.19% relative to the
blank carrier (T1), and their growth was close to that of seedlings planted in methyl
bromide-fumigated soil. In Qixia, T2 treatment increased the plant height, the ground
diameter, and the average branch length by 9.05%, 10.85%, and 27.99% relative to T1.

3.2. Effect of Strain QSB-6 on Soil Microorganisms

In Laizhou, Qixia, and Yiyuan, the number of soil bacteria was significantly higher in
the QSB-6 bacterial fertilizer treatment (T2) than in the other treatments. The number of
soil bacteria was 2.21-, 2.82-, and 2.0-fold higher in T2 than in the replant soil control (CK1),
and 1.91-, 1.69-, and 1.74-fold higher in T2 than in the blank carrier treatment (T1) (Table 3).
The number of soil fungi was significantly higher in T1 than in T2. The T1 treatment
also significantly increased the soil fungus in Laizhou (1.31-fold), Qixia (1.81-fold), and
Yiyuan (1.53-fold) relative to the T2 treatment. In Laizhou, Qixia, and Yiyuan, the number
of soil fungi was reduced by 40.38%, 68.45%, and 49.07% in CK2 relative to CK1 and
by 34.62%, 53.40%, and 41.61% in T2 relative to CK1. The effects of T2 were similar to
those of methyl bromide fumigation treatment in Laizhou and Yiyuan. The number of soil
actinomycetes at all three sites could be ranked as: T2 > T1 > CK2. The T2 treatment also
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significantly increased the soil bacteria/fungi and actinomycetes/fungi ratios in Laizhou
(2.55- and 2.05-fold), Qixia (3.06- and 2.73-fold), and Yiyuan (2.66- and 2.26-fold) relative to
the T1 treatment.

Table 2. Effects of different treatments on the biomass of apple replanting saplings in three areas.

Place
Soil

Treatments
Plant Height

(cm)
Ground Diameter

(mm)
Numbers of

Branches
Branch Length

(cm)

LZ

CK1 150.7 ± 3.0 c 13.8±0.1 c 7.7 ± 0.9 b 44.5 ± 6.6 c
CK2 206.0 ± 7.6 a 24.3±1.1 a 11.0 ± 0.6 a 73.8 ± 2.4 a
T1 179.3 ± 0.9 b 18.4±0.9 b 7.7 ± 0.7 b 54.3 ± 17 bc
T2 188.0 ± 0.6 b 20.2±0.9 b 10.0 ± 0.6 ab 58.0 ± 3.1 b

QX

CK1 139.0 ± 5.9 c 18.0 ± 0.1 d 8.7 ± 1.5 b 34.0 ± 1.7 b
CK2 191.3 ± 6.3 a 28.4 ± 0.6 a 15.0 ± 1.0 a 53.6 ± 2.7 a
T1 165.7 ± 2.3 b 23.1 ± 0.0 c 11.7 ± 1.2 ab 38.1 ± 1.6 b
T2 180.7 ± 1.7 a 25.6 ± 1.0 b 12.0 ± 1.5 ab 48.8 ± 3.0 a

TY

CK1 191.7 ± 12.1 c 17.0 ± 1.5 b 10.0 ± 1.5 b 49.1 ± 4.7 b
CK2 254.3 ± 4.3 a 25.8 ± 0.1 a 16.3 ± 0.7 a 68.0 ± 5.6 a
T1 229.3 ± 0.7 b 19.1 ± 0.2 b 12.0 ± 1.0 ab 55.7 ± 3.8 ab
T2 251.7 ± 4.9 a 23.5 ± 0.6 a 15.0 ± 2.1 a 66.1 ± 1.1 a

LZ: Laizhou, QX: Qixia, TY: Yiyuan. CK1: replant control, CK2: methyl bromide fumigation, T1: blank carrier
treatment, T2: QSB-6 bacterial fertilizer treatment. Numbers followed by the same letter in the columns for each
place are not significantly different based on the Duncan multiple range test at p < 5%.

Table 3. Effects of different treatments on the density of microorganisms in the rhizosphere of young
apple trees in three places.

Place
Soil

Treatments

The Number of
Soil Bacteria

(×105 CFU/g Soil)

The Number of
Soil Fungi

(×103 CFU/g Soil)

The Number of
Soil Actinomycete
(×104 CFU/g Soil)

The Ratio of
Bacteria and

Fungi

The Ratio of
Actinomycete

and Fungi

LZ

CK1 40.3 ± 1.5 b 52.0 ± 2.1 a 60.7 ± 3.5 c 78.0 ± 5.8 b 11.7 ± 1.0 c
CK2 25.7 ± 1.2 c 31.0 ± 0.6 c 52.0 ± 1.0 c 82.7 ± 2.4 b 16.8 ± 0.4b c
T1 46.7 ± 1.5 b 44.7 ± 1.8 b 91.0 ± 1.2 b 104.7 ± 3.7 b 20.4 ± 0.9 b
T2 89.0 ± 3.8 a 34.0 ± 2.5 c 140.3 ± 4.2 a 266.4 ± 31.7 a 41.9 ± 4.2 a

QX

CK1 38.0 ± 1.5 c 68.7 ± 0.9 a 92.3 ± 1.2 b 55.4 ± 3.0 c 13.5 ± 0.1 c
CK2 27.0 ± 3.0 d 21.7 ± 0.9 d 75.0 ± 2.3 c 123.9 ± 9.6 b 34.6 ± 0.4 b
T1 63.6 ± 1.8 b 58.0 ± 2.1 b 102.7 ± 4.1 b 110.2 ± 6.0 b 17.78 ± 1.2 c
T2 107.3 ± 1.9 a 32.0 ± 1.2 c 154.7 ± 6.4 a 336.7 ± 17.9 a 48.54 ± 3.2 a

TY

CK1 56.0 ± 0.6 c 53.7 ± 2.0 a 85.0 ± 2.5 c 104.6 ± 3.7 c 15.9 ± 0.3 b
CK2 24.3 ± 0.9 d 27.3 ± 0.9 c 65.3 ± 2.7 c 89.0 ± 0.4 d 24.0 ± 1.7 b
T1 66.0 ± 2.1 b 48.0 ± 1.2 b 114.3 ± 7.7 b 137.5 ± 3.1 b 23.9 ± 2.2 b
T2 114.7 ± 3.7 a 31.3 ± 0.9 c 169.0 ± 9.3 a 365.9 ± 2.5 a 54.1 ± 4.0 a

LZ: Laizhou, QX: Qixia, TY: Yiyuan. CK1: replant control, CK2: methyl bromide fumigation, T1: blank carrier
treatment, T2: QSB-6 bacterial fertilizer treatment. Numbers followed by the same letter in the columns for each
place are not significantly different based on the Duncan multiple range test at p < 5%.

3.3. Effect of Strain QSB-6 on Soil Enzyme Activities

The T2 treatment significantly increased the soil activities of urease, phosphatase,
invertase, and catalase in Qixia, Yiyuan, and Laizhou (Figure 1). Urease activity was 1.86-,
1.74-, and 1.55-fold higher in T2 than in CK1. Phosphatase activity was 2.17-, 2.16-, and
2.16-fold higher in T2 than in CK1. Sucrase activity was 2.94-, 3.84-, and 3.79-fold higher in
T2 than in CK1. Catalase activity was 1.90-, 1.85-, and 1.73-fold higher in T2 than in CK1.
Compared with the T1 treatment, urease activity was 22.24%, 21.20%, and 20.38% higher in
T2; phosphatase activity was 40.47%, 27.42%, and 23.02% higher in T2; sucrase activity was
49.21%, 35.86%, and 73.91% higher in T2; and catalase activity was 40.80%, 27.39%, and
26.97% higher in T2.
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Figure 1. Effect of different treatments on soil enzyme activity in three places. LZ: Laizhou, QX: Qixia,
TY: Yiyuan. CK1: replant control, CK2: methyl bromide fumigation, T1: blank carrier treatment, T2:
QSB-6 bacterial fertilizer treatment. Columns with the same letter for each place are not significantly
different based on the Duncan multiple range test at p < 5%.

3.4. Effect of Strain QSB-6 on Soil Phenolic Acids

The contents of several phenolic acids were highest in the replant soil control (CK1)
at all three field sites, whereas the phenolic acid contents were significantly reduced in
soil treated with QSB-6 bacterial fertilizer (T2) (Figure 2). In Laizhou, the soil contents of
cinnamic acid, phlorizin, benzoic acid, ferulic acid, vanillin, p-hydroxybenzoic acid, and
caffeic acid were reduced by 53.58%, 67.64%, 61.45%, 62.62%, 71.31%, 60.50%, and 71.31%
in T2 relative to CK1 (Table S1). In Qixia, the contents of these phenolic acids were reduced
by 53.15–83.32% in T2 relative to CK1, and in Yiyuan, they were reduced by 52.65–72.73%.
In Laizhou, Qixia, and Yiyuan, the soil total phenolic acid contents were higher in the T1
treatment than in the T2 treatment: cinnamic acid (1.59-, 1.98-, and 1.72-fold higher in T1),
phenophyllin (1.66-, 1.11-, and 1.20-fold), benzoic acid (2.11-, 3.20-, and 2.03-fold), ferulic
acid (2.21-, 1.99-, and 1.80-fold), vanillin (2.59-, 2.86-, and 1.54-fold), p-hydroxybenzoic acid
(2.15-, 2.42-, and 2.62-fold), and caffeic acid (2.76-, 3.29-, and 1.50-fold).

3.5. Inhibitory Effect of Strain QSB-6 on Four Species of Fusarium in Rhizosphere Soil

The qPCR results showed that F. proliferatum, F. solani, F. verticillioides, and F. oxysporum
abundance was significantly reduced in the CK2 and T2 treatments compared with the
CK1 treatment at all three field sites (Figure 3). In Qixia, the abundances of F. proliferatum,
F. solani, F. verticillioides, and F. oxysporum were 35.23%, 32.79%, 57.48%, and 36.60% lower
in T2 than in CK1. In Yiyuan, the abundances of F. proliferatum, F. solani, F. verticillioides, and
F. oxysporum were 32.05%, 33.16%, 32.62%, and 49.63% lower in T2 than in CK1. In Laizhou,
the abundances of F. proliferatum, F. solani, F. verticillioides, and F. oxysporum were 28.26%,
43.56%, 55.86%, and 38.04% lower in T2 than in CK1. In Qixia, Yiyuan, and Laizhou, the
abundances of F. proliferatum were 47.22%, 43.11%, and 31.33% lower in CK2 than in CK1.
The abundances of F. solani were 41.94%, 50.27%, and 50.60% lower in CK2 than in CK1.
The abundances of F. verticillioides were 64.94%, 37.88%, and 61.05% lower in CK2 than in
CK1. The abundances of F. oxysporum were 45.49%, 59.51%, and 49.74% lower in CK2 than
in CK1. The gene copy number of four species of Fusarium was significantly higher in T1
soil than in T2 soil. In Qixia, Yiyuan, and Laizhou, the relative abundance of F. proliferatum
was 1.33-, 1.30-, and 1.26-fold higher in T1 soil than in T2 soil. The relative abundance of
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F. solani was 1.26-, 1.25-, and 1.41-fold higher; that of F. verticillioides was 1.48-, 1.22-, and
1.45-fold higher; and that of F. oxysporum was 1.25-, 1.41-, and 1.40-fold higher.

Figure 2. Effects of different treatments on soil phenolic acids in three places. LCK1: replant control
in Laizhou, LCK2: methyl bromide fumigation in Laizhou, LT1: blank carrier treatment in Laizhou,
LT2: QSB-6 bacterial fertilizer treatment in Laizhou, QCK1: replant control in Qixia, QCK2: methyl
bromide fumigation in Qixia, QT1: blank carrier treatment in Qixia, QT2: QSB-6 bacterial fertilizer
treatment in Qixia, YCK1: replant control in Yiyuan, YCK2: methyl bromide fumigation in Yiyuan,
YT1: blank carrier treatment in Yiyuan, YT2: QSB-6 bacterial fertilizer treatment in Yiyuan. The
color intensity was proportional to the total phenolic acid content. Taxa relative abundances were
log10-transformed, and the scale method (from zero to one) was used for the heatmap representation.
Each treatment included three repetitions.

Figure 3. Effect of different treatments on the copy number of four species of Fusarium in three places.
LZ: Laizhou, QX: Qixia, TY: Yiyuan. CK1: replant control, CK2: methyl bromide fumigation, T1:
blank carrier treatment, T2: QSB-6 bacterial fertilizer treatment. Columns with the same letter for
each place are not significantly different based on the Duncan multiple range test at p < 5%.

3.6. Effect of Strain QSB-6 on the Soil Microbial Community

Principal component analysis and cluster analysis showed that the soil microbial
community structure in T2 and CK2 was significantly different from that in CK1 (Figure 4).
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The soil bacterial community structure in T2 was different from the other treatments, and
the soil fungal and bacterial communities of T1 and CK1 were similar. Margalef, Mcin-
tosh, Brillouin, and Shannon indices reflect the richness and diversity of soil microbial
communities (Table 4). The Margalef index reflects the abundance of soil microbial commu-
nities; the Mcintosh index reflects the number of different types of carbon sources utilized;
and the Brillouin and Shannon indices reflect the diversity of the soil microbial commu-
nity [55]. Compared with CK1 treatment, the abundance of the soil fungal community was
significantly increased after treatment with strain QSB-6. The Brillouin index of the soil
fungal community and the utilized carbon sources were significantly reduced, whereas the
bacterial community showed the opposite pattern.

Figure 4. Principal component analysis (A,C) and cluster analysis (B,D) of T-RFLP patterns of bacteria
(A,B) and fungi (C,D) in the soil relative to treatment based on the Bray–Curtis method. CK1: replant
control, CK2: methyl bromide fumigation, T1: blank carrier treatment, T2: QSB-6 bacterial fertilizer
treatment. Each treatment includes three repetitions.

Table 4. Effects of different treatments on microbial diversity in the rhizosphere of young apple trees
in three places.

Microorganism Treatment
Margalef’s

Index
Shannon’s

Index
Mcintosh’s

Index
Brillouin’s

Index

Fungi

CK1 10.3 ± 0.1 b 3.6 ± 0.0 ab 16.6 ± 0.8 a 3.0 ± 0.0 a
CK2 9.9 ± 0.7 b 3.5 ± 0.1 ab 8.7 ± 0.9 c 2.7 ± 0.1 bc
T1 12.2 ± 0.2 a 3.7 ± 0.0 a 11.9 ± 0.4 b 2.9 ± 0.1 ab
T2 11.7 ± 0.3 a 3.4 ± 0.1 b 8.5 ± 0.6 c 2.5 ± 0.1 c

Bacterial

CK1 11.0 ± 0.2 b 3.5 ± 0.0 b 12.420.6 b 2.8 ± 0.0 c
CK2 9.6 ± 0.1 d 3.3 ± 0.0 c 12.6 ± 0.5 b 2.6 ± 0.0 d
T1 12.1 ± 0.1 a 3.7 ± 0.0 a 12.6 ± 0.4 b 3.0 ± 0.0 b
T2 10.5 ± 0.0 c 3.7 ± 0.0 a 25.5 ± 1.2 a 3.3 ± 0.0 a

CK1: replant control, CK2: methyl bromide fumigation, T1: blank carrier treatment, T2: QSB-6 bacterial fertilizer
treatment. Numbers followed by the same letter in the columns for each microorganism are not significantly
different based on the Duncan multiple range test at p < 5%.
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4. Discussion

Replant disease is a complex, multifaceted disease that often occurs in crops and
orchards and strongly constrains the sustainable development of global agriculture and
fruit production [56,57]. In this study, strain QSB-6 acted as a biocontrol agent that sig-
nificantly improved the growth and health of replanted young apple trees under field
conditions. Multiple aspects of plant vegetative growth (height, ground diameter, and
length of branches) were measured, and all were markedly increased by QSB-6 fertilizer ap-
plication relative to the replanted soil control. The biomass of young apple trees was higher
in Yiyuan than in Laizhou and Qixia, perhaps because of the better soil physicochemical
properties and management practices [58,59]. These plant growth results indicate that
treatment with strain QSB-6 was effective for the control of ARD under field conditions.

4.1. Effect of QSB-6 Fertilizer on the Soil Microbial Community

Bacteria, actinomyces, and fungi are three categories of the soil microbial community
that constitute the majority of the soil microbial biomass; their community structure and
abundances play important roles in plant growth and disease control [60,61]. Previous
studies have found that long-term continuous cropping leads to a transformation of the soil
microbial community structure from a “bacterial type” to a “fungal type”. The soil microbial
community structure becomes unbalanced, leading to an increase in harmful pathogens
and a decrease in beneficial microbiota, ultimately leading to poor soil health [2,62–65].
Soil microbial diversity is considered to be a key factor in disease prevention [66]. High
microbial diversity and appropriate microbial composition play key roles in preventing
pathogen invasion, maintaining soil health, and promoting plant growth [67,68]. Gadhave
et al. [69] reported that the soil bacterial diversity and richness index increased significantly
after application of Bacillus spp., and we reached a similar conclusion in this study. The
application of QSB-6 bacterial fertilizer to three apple orchards significantly increased the
diversity and number of bacteria. The results of the plate count test revealed that most of
the cultured bacterial colonies showed morphologies consistent with that of strain QSB-6.
A single colony with the same morphology was randomly selected and sequenced, and
its similarity to strain QSB-6 was 100%. These results indicate that strain QSB-6 was able
to reproduce normally after being inoculated into the soil. At the same time, the addition
of vectors can also support the survival of the strain QSB-6 and improve its performance
in preventing and controlling plant diseases [70,71]. The raw materials (cow dung and
wheat straw) in the formula are cheap and easy to obtain, and the fermentation level is
high, which can provide a good foundation for large-scale industrial production [72,73].

A decrease in the quantity of soil fungi may be related to fungistatic compounds
(1,2-benzenedicarboxylic acid and benzeneacetic acid, 3-hydroxy-, methyl ester) produced
by strain QSB-6. These compounds can significantly inhibit the reproduction of harmful
F. oxysporum, F. moniliforme, F. proliferatum, and F. solani in rhizosphere soil, and they can also
inhibit other harmful fungi to some extent [18]. Our results were consistent with those of
Cao et al. [74]. Bacillus subtilis SQR 9 was able to survive well in the rhizosphere of cucumber,
where it suppressed the growth of F. oxysporum and protected the host from the pathogen.
Tao et al. [40] reported that the population densities of Bacillus spp. and Pseudomonas spp.
were correlated with one another and negatively correlated with F. oxysporum density and
wilt disease. Several well-known plant growth-promoting bacteria belong to the genus
Pseudomonas spp. [75–77]. The increase in soil bacterial diversity reported here after QSB-6
inoculation may be due to the enrichment of some specific beneficial bacteria such as
Pseudomonas spp., Gemmatimonas spp., and Sphingomonas spp., resulting in a significant
decrease in bacterial richness [78], but a significant increase in the bacteria/fungi ratio, thus
transforming the soil into a “bacterial type” and improving the soil microbial community
structure, which may promote the healthy growth of plants [79,80]. Sheng et al. [14] demon-
strated that soil fumigation treatment can effectively kill most fungi, especially F. oxysporum
and F. solani. The relative abundances of F. solani and F. oxysporum are significantly reduced,
but with prolonged time, some fungi are recruited to form new microbial communities, such
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as Ohtaekwangia spp., Opitutus spp., Mortierella spp., and Synchytrium spp., which improve
the soil fungal community, thus effectively controlling plant diseases [81]. These results
were consistent with the findings of this study. Methyl bromide fumigation treatment
significantly reduced the relative abundance of F. oxysporum, F. moniliforme, F. proliferatum,
and F. solani and promoted the growth of replanted apple trees. Cluster analysis showed
that the soil fungal communities of T2 and CK2 were similar, indicating that the addition of
strain QSB-6 may also promote the growth of replanted apple trees by improving the soil
fungal community structure.

4.2. Effect of QSB-6 Fertilizer on Soil Phenolic Acids

There is evidence that allelochemicals, such as phenolic acids, in root exudates or
decomposing residues contribute to apple replanting obstacles [23]. Yin et al. [17] showed
that phlorizin can promote a rapid increase in the number of F. moniliforme and accelerate
the speed of mycelial division, thus increasing apple replant challenges. The replanted
soil contains a variety of phenolic acids such as p-hydroxybenzoic acid, phloroglucinol,
syringic acid, benzoic acid, caffeic acid, and ferulic acid. Above a certain concentration,
these compounds can impair the root antioxidant system of apple seedlings and inhibit
their growth [44,66,82,83]. Here, we found that strain QSB-6 may have the ability to
degrade phenolic acids. The addition of strain QSB-6 significantly reduced the contents
of major phenolic acids in the soil, including phlorizin, cinnamic acid, benzoic acid, and
p-hydroxybenzoic acid. At the same time, the abundance of F. oxysporum, F. moniliforme,
F. proliferatum, and F. solani also declined significantly in the rhizosphere soil, consistent with
the results of Yin et al. [17]. Bai et al. [65] demonstrated that phenolic acids significantly
affected the biomass, diversity, and community structure of soil microbes, selectively
increasing specific microbial species, such as soil-borne pathogenic microorganisms, and
thus, increasing morbidity [84]. It is possible that the addition of strain QSB-6 increases the
populations of some beneficial bacteria that can degrade phenolic acid, increase bacterial
diversity, and improve the bacterial community structure of the rhizosphere soil, thus
accelerating the decomposition and transformation of phenolic acids and promoting plant
growth [85,86].

4.3. Effect of QSB-6 Fertilizer Treatment on Soil Enzyme Activity

Soil enzymes are an important component of the soil, catalyzing various reactions and
processes of organic matter metabolism (e.g., soil organic matter formation and degrada-
tion; C, N, and P cycling; and plant nutrient transformation) and generating energy for
microorganisms and plants. Therefore, the extent of soil enzyme activity can be used to
characterize the extent of soil maturation and fertility [87,88]. Soil urease is involved in the
soil N cycle. Phosphatases hydrolyze P-containing organic compounds into inorganic P that
is required by plants. Invertase hydrolyzes sucrose to glucose and fructose for use as plant
and microbial energy sources, whereas catalase is an oxidoreductase that protects organisms
from H2O2 toxicity [89–92]. Sabaté et al. [93] showed that inoculation with Bacillus sp. P12
significantly increased soil enzyme activities and the number of beneficial microorganisms,
improved soil quality, and reduced the incidence of Macrophomina phaseolina. Our results
were similar, that is, inoculation with strain QSB-6 at three field sites significantly increased
the rhizosphere activities of urease, phosphatase, invertase, and catalase, thus presumably
promoting nitrogen, phosphorus, and potassium transformation in the soil, improving
soil fertility, and strengthening plant resistance to abiotic and biotic stresses [94,95]. Yadav
et al. [96] reported that the micro-organisms associated with rhizosphere soil also have
profound impacts on plant health and soil fertility, as they strongly influence nutrient min-
eralization and soil organic matter decomposition. Thus, increases in soil enzyme activity
may be related to increases in soil microbial richness and diversity, as well as changes in
microbial community composition [97].
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5. Conclusions

The results of our field experiments were similar to those of our previous pot study [18].
The addition of strain QSB-6 can significantly promote the height, ground diameter, and
length of branches of apple plants under field conditions, reduce the abundance of F.
oxysporum, F. moniliforme, F. proliferatum, and F. solani and the content of phenolic acids in
rhizosphere soil, increase soil bacterial diversity and activity, improve the structure of the
soil microbial community, and increase soil enzyme activities. Together, these effects help
to mitigate ARD. In summary, QSB-6 bacterial fertilizer appears to offer a more sustainable
approach to enhancing apple growth and soil health under replant conditions, thereby
advancing the development of the apple industry.
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Abstract: Seedborne pathogens represent a critical issue for successful agricultural production
worldwide. Seed treatment with plant protection products constitutes one of the first options useful
for reducing seed infection or contamination and preventing disease spread. Basic substances are
active, non-toxic substances already approved and sold in the EU for other purposes, e.g., as foodstuff
or cosmetics, but they can also have a significant role in plant protection as ecofriendly, safe, and
ecological alternatives to synthetic pesticides. Basic substances are regulated in the EU according to
criteria presented in Article 23 of Regulation (EC) No 1107/2009. Twenty-four basic substances are
currently approved in the EU and some of them such as chitosan, chitosan hydrochloride, vinegar,
mustard seed powder, and hydrogen peroxide have been investigated as seed treatment products
due to their proven activity against fungal, bacterial, and viral seedborne pathogens. Another
basic substance, sodium hypochlorite, is under evaluation and may be approved soon for seed
decontamination. Potential basic substances such as essential oils, plant extracts, and ozone were
currently found effective as a seed treatment for disease management, although they are not yet
approved as basic substances. The aim of this review, run within the Euphresco BasicS project, is to
collect the recent information on the applications of basic substances and potential basic substances
for seed treatment and describe the latest advanced research to find the best application methods
for seed coating and make this large amount of published research results more manageable for
consultation and use.

Keywords: chitosan; essential oils; phytotoxicity; seed coating; seed quality; seed treatment;
sustainability

1. Introduction

The seed is an essential input for crop production, since 90% of food crops are grown
from seeds. For this reason, the use of healthy seeds is an essential key to successful
agricultural production and serves as the backbone for good economic harvest. Seeds can
carry a heavy load of microorganisms, which can cause severe diseases and be responsible
for various negative effects on yield and the spread of pathogen inoculum in the soil. Seed
movement is also the main cause of pathogenic spread across international borders and the
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introduction of diseases into previously unaffected areas or their re-emergence [1]. There
are many examples of seedborne pathogens that have spread globally, some of which can
cause devastating diseases in some of the most important staple crops. Just as examples,
Karnal bunt of wheat, caused by Tilletia indica, was introduced from India to Mexico in
1972, from Mexico to the USA in 1996 [2], and from an unknown source to South Africa in
2002 [3]; wheat blast caused by the Magnaporthe oryzae Triticum pathotype was spread from
South America to Bangladesh [4] and to Zambia [5]; wheat streak mosaic virus was spread
from Mexico to Australia [6]; and maize lethal necrosis caused by maize mottle chlorotic
virus was spread from Asia to Kenya [7].

Seed treatments represent the first line of defense against seedborne (surface-borne or
internally seedborne) and soilborne pests. Seed treatments are defined as “the biological,
physical, and chemical agents and techniques applied to seed to provide protection and
improve the establishment of healthy crops” [8], and in the last 200 years from the discovery
of the Bordeaux mixture, several active ingredients have been developed to be used as
coating to protect seeds and seedlings in the early stages of their growth. Munkvold [9]
exhaustively reviewed the history and development of chemical control of seedborne
pathogens. Over the past decade, the number of studies on seed treatment has increased
significantly, reflecting the growing interest of the scientific community [10]. Lamichhane
et al. [11] summarized the potential negative effects of synthetic fungicides used for seed
treatments on nontarget organisms. These effects could consist of a reduction in biocontrol
agents and earthworms’ activities, alteration of litter decomposition rate, decline in the
number of rhizobia on seeds and in the arbuscular mycorrhiza colonization, as well as a
reduction in fungal endophytes of seedlings. These fungicide-induced disturbances also
had negative consequences on root and shoot biomass and grain yield. Following European
Community initiatives, many lines of research and scientific efforts have focused on the
development of environmentally friendly alternatives to the use of pesticides for managing
crop diseases, in particular seedborne diseases [12–14].

Reducing the use of synthetic pesticides is a major challenge in many countries, and
the search for alternative crop protection products is a strategy for promoting more sus-
tainable agricultural systems. Nowadays, the use of traditional environmentally friendly
practices (e.g., sanitation, crop rotation, adjusting the age of planting) to control diseases
is integrated with new advanced techniques or tools to avoid or at least limit the use of
synthetic pesticides. Several sustainable seed treatments can be used including physical
treatments such as heat treatments, with the most common being hot water, hot air, and
electron treatments, biocontrol agents with species belonging to the genus Trichoderma,
or plant growth-promoting rhizobacteria (PGPR) and the use of natural substances with
antimicrobial activity and/or priming effects [10]. Alternative methods such as seed treat-
ment using basic substances or potential basic substances to manage seedborne pathogens
can be a solution to ensuring safe agricultural production, but these substances are still
poorly known by researchers and growers and have not been placed on the market as
plant protection products [15]. Basic substances are relatively novel compounds already
approved and sold in the EU for other purposes, e.g., as foodstuff or cosmetics, which
can be used in plant protection without neurotoxic or immune-toxic effects as ecofriendly,
safe, and ecological alternatives to synthetic pesticides [16,17]. Among the 24 basic sub-
stances approved in the EU, five of them were approved as a seed treatment: chitosan
hydrochloride, chitosan, vinegar, mustard seed powder, and hydrogen peroxide. Moreover,
potential basic substances such as ozone, essential oils, and plant extracts have been used as
seed treatment.

The number of studies on seed treatment with such natural/ecofriendly substances
has increased over the last decade resulting in a large amount of published investigations.
The aim of this review, carried out in the framework of the Euphresco BasicS project, is to
provide an overview of the use of already approved basic substances and of potential basic
substances as seed treatments for the control of seedborne pathogens, in order to make
this large amount of published results more manageable for consultation and use. Since
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there are many different techniques that can be used for this purpose, the latest advanced
research in finding the best application method as seed coating, dressing, or spraying is
also described.

2. Methods for Seed Treatment

2.1. Seed Immersion

Seed immersion methods are those in which seeds are soaked in aqueous or solvent-
based liquid for a certain length of time, depending on the nature of the seed coat and
the substance used. The soaking results in partial or full hydration of both the host
and pathogen and produces microscopic ruptures, making them more susceptible to the
penetration of active substances compared to the dry state [12]. Not all the substances
are soluble in water, so in some cases (e.g., essential oil, chitosan), it is necessary to use
an emulsifier to allow for mixing and emulsion homogeneity [18]. Besides the direct
antimicrobial effects that depend on the type of substance used, immersion treatment can
have the following priming effects: increased germination rate and seedling vigor; induced
diverse range of morphophysiological, biochemical, and molecular responses in plants; and
thus improved abiotic and biotic stress tolerance and increased crop yields [19]. Immersion
represents the most widely used method for treatment with elicitors for resistance induction,
such as chitosan and methyl salicylate [20,21]. Timing of the treatment plays a key role
in phytotoxicity, negatively influencing seed vitality [20]. Moreover, excessive imbibition
during seed submersion can damage the outer seed coats, especially in the case of seeds with
softer teguments such as legume seeds [22]. The challenge is to find the right combination of
treatment durations for different seed types to ensure efficacy without causing phytotoxicity.
Primed seeds are known to have low storage longevity, which can be partially remedied via
post-storage treatments such as dehydration, heat shock, or post-storage humidification [23].
The soaking process is considered cumbersome and time-consuming when treating large
quantities of seeds at a large scale, because it requires a large volume of liquid and needs
subsequent drying [18].

2.2. Seed Dressing and Coating

Innovative seed coating and dressing technologies are useful as delivery systems for
the application of active ingredients on the seed surface. The technique of seed dressing
involves the application on the seed surface of a thin layer of the active product, such as
pesticides, fertilizers, or growth promoters which can be applied both as dry or liquid
formulations [12]. Seed dressing is the most widely used method for low dosages of active
components onto seeds [24] and although there are many types of equipment used for
coating, the most commonly used device is performed with a rotary coater [18]. Seed
coating is a technique in which an external material is applied to the surface of the seed
using a binder which acts as an adhesive to improve the adhesion of the active ingredients
to the seed. The role of the binder is also to ensure coating integrity during and after drying
and to prevent cracking and dusting off during handling and sowing [18]. The layer is
applied to the seed typically from 2 to 5% of the seed weight [25]. In this context, nanotech-
nology could represent an innovative tool exploitable in agriculture, since nanoparticles
(materials with a size ranging from 1 to 100 nm) [26,27] can be effective carriers of seed
health-promoting compounds when applied as seed coatings or seed dressing material [27].
Nanoagroproducts are an upcoming technology that might be beneficial for the develop-
ment of future generations of formulations for seed treatment to enhance the sustainability
of agricultural systems. Among them, a wide selection of organic and natural compounds
can be loaded into these nanoparticles, including essential oils, cellulose, and chitosan,
making this technology suitable for sustainable and ecofriendly farming. Basic substances
can take advantage of this technology to take place in adapted formulations of seed coat-
ing products. Seed coating allows for a controlled release of the substance reducing the
active ingredient dosage needed, thus reducing their release into the ecosystem and soils,
the possible toxicity for plants and the environment, and the treatment cost. Nanoscale
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materials used in seed coating technologies such as nanocapsules, nanogels, nanofibers,
nanoclays, and nanosuspensions are supposed to increase the accuracy and efficiency of
seed protection products, allowing for a reduction in pesticides in the field [27]. On the
other hand, specific machines and equipment are required for seed dressing and coating
techniques which are performed with a dry power applicator, rotary or drum machine,
motor, or hand driving [18].

3. Seed Treatment with Approved Basic Substances

3.1. Activity of Approved Basic Substances against Fungi and Oomycetes

Chitosan is a naturally occurring biopolymer with antimicrobial properties explored
in agriculture for many uses as a plant defense inducer, growth promoter, and carrier for
delivery systems of biocontrol agents [28]. In 2014, chitosan hydrochloride was approved
by the EU as one of the first basic substances for plant protection [29], and a second chitosan
formulation was approved in 2022 [30]. Chitosan has shown activity against several species
of seedborne pathogens (Tables 1 and 2). El-Mohamedy et al. [31] reported that soaking
seeds of green bean (Phaseolus vulgaris) in chitosan (1 g L−1) reduced the pre-emergence
incidence of Rhizoctonia solani and Fusarium solani by 54.4% and 52.6%, respectively, after
40 days of plant growth in a greenhouse in soils naturally infested with either of these
fungi. No sign of phytotoxicity was reported on the plants obtained by germinated seeds.
Fenugreek (Trigonella foenum-graecum) seeds were treated with different concentrations
of chitosan and then inoculated 24 h later with F. solani conidia. Results showed that six
days post-inoculation, root rot disease incidence was reduced by 87.5% and 90.1%, with
no significant difference for the seeds treated with chitosan (2 g L−1) or carbendazim
(0.5 g L−1), respectively [32]. In this experiment, the radicle length of fenugreek seedlings
due to chitosan (0.5 g L−1) was significantly higher (3.76 cm) over the control (2.26 cm) and
carbendazim (3.34 cm). Bhardwaj et al. [33] evaluated different pearl millet (Pennisteum
glaucum) seed treatments including chitosan that were sown in several experiment fields in
India regarding blast disease caused by Pyricularia grisea. The application rate of chitosan
seed immersion was 0.5 g kg−1 per liter of water and resulted in a blast severity reduction
ranging from 4.7% to 26.9%, depending on the field location and growing season. Spelt
(Triticum spelta) seeds immersed in a conjugate complex solution of chitosan (1.5 g L−1)
and tyrosine (15 g L−1), then inoculated with a conidia suspension of Fusarium culmorum,
showed a 50% reduction in the incidence of root rot in the seedlings [34]. No phytotoxicity
was observed. Seeds of groundnut (Arachis hypogaea) were coated with chitosan polymer
(1 g L−1), sowed in potted soil infested with Aspergillus niger and grown for 50 days
under greenhouse conditions. Incidence of Aspergillus collar rot on seedlings from coated
seeds was reduced by 51.8% compared to inoculated untreated seeds [28]. Similar studies
were carried out by the same authors on safflower (Carthamus tinctorius) seeds coated and
sown in infested soil with Macrophomina phaseolina. Chitosan coating did not affect the
germination rate of either the groundnut or safflower seeds. Reduction of the pathogen
was 15.7% on seedlings from seeds treated with chitosan. Chitosan was also tested on
cucumber (Cucumis sativus) seeds against the oomycete Phytophthora capsici. Cucumber
seedlings coming from the seeds immersed in chitosan at 500 ppm (0.05%) were grown
in plastic pots in a screenhouse; chitosan treatment provided 85% disease suppression of
damping off caused by seedling inoculation with zoospores of P. capsici injected into the
rhizosphere [35]. Moreover, seed germination and root and shoot growth of cucumber were
enhanced by chitosan seed treatment in a dose-dependent way up to 500 ppm. Chitosan
(0.5%, w/v) seed immersion treatment was also used to reduce foot and root rot caused
by Fusarium graminearum in durum wheat (Triticum durum) plants from both naturally and
artificially infected seeds. This treatment caused the stimulation of a defense system as
phenolic content increasing and defense-related enzyme activation in seedlings. In the field,
seedlings from natural and artificial seed infection showed a reduction of foot and root rot
disease by 36% and 56%, respectively. In the greenhouse, the disease reduction was 38%
for seedlings from seeds that were artificially infected [20].
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Table 1. In vivo and in-field activities of basic substances applied as seed treatments to control
seedborne fungi and oomycetes in different crops. Effectiveness is reported as the disease incidence
or symptom percentage reduction compared to the untreated control. Phytotoxicity was evaluated
through germination testing and the results are compared to the untreated control.

Basic Substances—Fungi and Oomycetes

Crop Disease/Pathogen
Substance

(Concentration)
Application Effectiveness

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Green bean
(Phaseolus
vulgaris)

Rhizoctonia solani 1,* Chitosan
(1 g L−1) Immersion 54.4% Data not

available

[31]
Fusarium solani 1,* Chitosan

(1 g L−1) Immersion 52.6%

Rate of seed
germination
equal to the

control

Fenugreek
(Trigonella
foenum-graecum)

Fusarium solani 1,* Chitosan
(2 g L−1) Immersion 87.5%

Rate of seed
germination
equal to the

control

Radicle length
improvement [32]

Pearl millet
(Pennisteum
glaucum)

Magnaporthe grisea 2 Chitosan
(0.5 g L−1) Immersion 4.7%–26.9% Data not

available [33]

Spelt
(Triticum spelta) F. culmorum 2 Chitosan

(1.5 g L−1) Immersion 50.0%

Rate of seed
germination
equal to the

control

Seed germination
increasing [34]

Groundnut
(Arachis
hypogaea)

Aspergillus niger 2,*
Chitosan

(1 g L−1) +
Trichoderma spores

Immersion 51.8%
Rate of seed
germination
equal to the

control
[28]Safflower

(Carthamus
tinctorius)

Macrophomina
phaseolina 2,* Immersion 15.7%

Cucumber
(Cucumis sativus) Phytophthora capsici 1,* Chitosan

(500 ppm) Immersion 85.0% Increased seed
germination

Seedling shoot and
root growth
increasing

[35]

Durum wheat
(Triticum durum)

Fusarium foot rot
F. graminearum 1,2

Chitosan
(0.5% v/v) Immersion

In field 1: 36%
In field 2: 56%

In greenhouse 2:
38%

Rate of seed
germination
equal to the

control

Phenolic content
increasing and
defense-related

enzyme activation

[20]

Common wheat
(Triticum
aestivum)

F. culmorum 2

White mustard
meal

(15 g mustard + 45
mL H2O per kg)

Wet and dry
seed dressing

In vitro: 67%
In field:

43%–78%

Rate of seed
germination
equal to the

control

Plant development
stimulation:

improving grain
quality and wheat

plant growth

[36]

Pine
(Pinus radiata) F. circinatum 2 Hydrogen peroxide

(33% w/v) Immersion 98.2%
Seedling

emergence
reduction

[37]

Carrot
(Daucus carota)

Alternaria
radicina 1

Hydrogen peroxide
stabilized with

silver ions (0.025%)
Immersion 43.2%

Rate of seed
germination
equal to the

control

[38]

White lupin
(Lupinus albus) Colletotrichum lupini 1 Vinegar

(5% acetic acid)
Immersion for

30 min 16.9%

Rate of seed
germination
equal to the

control

[39]

1 Natural contamination; 2 artificial inoculation; * soil contamination.

Besides chitosan, other compounds like mustard seed power, vinegar, and hydrogen
peroxide were approved as basic substances by the European Union between 2015 and
2017 [15] and allowed for agricultural uses (Table 1). Kowalska et al. [36] recommended the
dose of 15 g mustard meal per 1 kg common wheat grain (Triticum aestivum ssp. vulgare)
as a seed dressing applied with 45 mL of water, to significantly reduce disease caused by
F. culmorum on wheat during the early stage of growth. The authors reported a stimulating
effect of mustard meal seed dressing on seedling development without perceiving any
negative influence on the germination and development of seedlings, accompanied by a
reduction in the number of infected seeds and by a 43–78% disease incidence reduction in
the field, according to the type of seed dressing applied, respectively, wet or dry. Berbegal
et al. [37] evaluated Pinus radiata seed treatments using hydrogen peroxide (33% w/v,
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disinfectant conc. 30%) to control Fusarium circinatum. Seeds artificially inoculated and
treated by soaking in hydrogen peroxide were sown in peat moss and then maintained
in a forest nursery. The reduction of disease incidence in seedlings from seeds treated
with hydrogen peroxide ranged from 98.2% to 100% but the germination rate was also
reduced compared to inoculated untreated seeds. Differently, hydrogen peroxide stabilized
with silver ions applied to Daucus carota seeds had no phytotoxic effects, and it caused a
significant decrease in the percentage of seeds infested with Alternaria radicina [38].

Table 2. In vivo and in-field activities of basic substances applied as seed treatments to control
seedborne bacteria in different crops. Effectiveness is reported as the disease incidence or symptom
percentage reduction compared to the untreated control. Phytotoxicity was evaluated through
germination testing and the results are compared to the untreated control.

Basic Substances—Bacteria

Crop Disease/Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Lettuce
(Lactuva sativa)

Xanthomonas
campestris pv.

vitians 2

Hydrogen
peroxide
(3% w/v)

Immersion 100%

Rate of seed
germination
equal to the

control Direct
antibacterial

activity
[40]

Hydrogen
peroxide
(5% w/v)

Significant
reductions in
germination

Cabbage
(Brassica oleracea)

Xanthomonas
campestris pv.
campestris 1

Hydrogen
peroxide

(10%; 20% w/v)
Immersion

Depending on the
concentration up to

100%

Rate of seed
germination
equal to the

control

Direct
antibacterial

activity
[41]

1 Natural contamination; 2 artificial inoculation.

Table vinegar (pH = 3, acetic acid 5%) was also tested in order to reduce Colletotrichum
lupini seed infection on lupin (Lupinus albus) [39]. Anthracnose-infected seeds from highly
infected plots were soaked in vinegar and grown under field conditions. The authors
reported that vinegar treatment successfully reduced disease severity (16.9%) and increased
yield to levels similar to those observed for certified seeds, without significantly affecting
germination rate [39].

3.2. Activity of Approved Basic Substances against Bacteria

The bactericidal action of oxygen released from peroxides is well known, and the
possibility of direct horticultural benefits plus bactericidal activity make hydrogen peroxide
attractive in agriculture for seed disinfection. However, there are only a few recent reports
on in vivo or field applications (Table 2). Since 2002, hydrogen peroxide was investigated
as a seed treatment for the control of bacterial leaf spot of lettuce (Lactuca sativa) caused
by the seedborne bacterium Xanthomonas campestris pv. vitians. Bacteria were not detected
when seeds were treated with 3 or 5% hydrogen peroxide, even if the treatments at 5%
concentration reduced seed germination up to 28% compared with controls [40]. More
recent works about seed treatment with hydrogen peroxide against bacterial diseases
have only come after years of research: hydrogen peroxide at 3% was investigated as a
seed treatment against Xanthomonas campestris pv. campestris in cabbage (Brassica oleracea)
seeds [41]. The treatment for 30 min was the most effective, both in terms of disinfection rate
and of seed viability, but the side effects on the seed coat observed when the procedure was
carried out at the company facilities suggested 15 min as the maximum time of immersion
without losing effectiveness.

4. Seed Treatment with Potential Basic Substances against Pathogens

4.1. Activity of Potential Basic Substances against Fungi and Oomycetes

Essential oils (EOs) are secondary metabolites accumulated by aromatics or medical
plants and extracted from leaves, flowers, roots, and barks. They exhibit antifungal activity
due to the presence of different bioactive ingredients (alkaloids, phenols, monoterpenes
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and sesquiterpenes, isoprenoids) in different concentrations, their composition may vary
even within the same species, affecting antimicrobial activity [42,43]. EOs have widely
demonstrated over the years their efficacy against various fungal pathogens in vitro [44,45]
and in recent years, the scientific research in this field has focused primarily on in vivo
and field applications (Tables 3 and 4). Immersion seed treatment with clove (Syzygium
aromaticum) EO was able to reduce Fusarium spp. infection on maize and wheat seeds at
different doses, but the effective rates (5 × 103 and 5 × 104 ppm, respectively, for maize and
wheat) had a high phytotoxicity effect [46]. Clove oil has also been tested in field trials, both
as a seed soak and as coating (spray) on wheat and field peas against, respectively, Tilletia
laevis [47] and Ascochyta blight complex [22], artificially inoculated on seeds, with good
effectiveness, which varied from year to year. Submersion application has demonstrated a
more reliable effectiveness over the years, compared to coating application. In the tomato,
eucalyptus (Eucalyptus grandis), caraway (Cuminum cyminum), and citrus (Citrus sinensis),
EOs have been tested as seed treatments against Fusarium oxysporum [48], and oregano EO
(Origanum vulgare), against F. oxysporum f.sp. lycopersici [49] artificially inoculated in soil,
with a reduction in disease incidence and severity. Tomato seedlings showed no phytotoxic
effects after soaking treatment at the applied rates (Table 3).

Table 3. In vivo and in- field activities of potential basic substances applied as seed treatments to
control seedborne fungi and oomycetes in different crops. Effectiveness is reported as the disease
incidence or symptoms percentage reduction compared to the untreated control. Phytotoxicity was
evaluated through germination testing and the results are compared to the untreated control.

Potential Basic Substances—Fungi and Oomycetes

Crop
Target

Disease/Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Durum wheat
(Triticum
durum)

Common
bunt/Tilletia laevis *

Syzygium
aromaticum EO

(0.3% v/v)
Immersion
for 10 min

From 30% to 90%
Seed

germination
reduction

Reduction in
pathogen
incidence

[47]

S. aromaticum
formulation
(2.5% v/v)

From 40% to 100%

Rate of seed
germination
equal to the

control

S. aromaticum EO
(1% v/v) Coating From 30% to 82% Rate of seed

germination
equal to the

control
S. aromaticum
formulation

(5% v/v)
Coating From 30% to 85%

Wheat
(Triticum
aestivum)

Fusarium equiseti 2; F.
culmorum 2; F. poae 2;

F. avenaceum 2

S. aromaticum
EO 5 × 103 ppm

Immersion
for 8 min 100%

Total inhibition
of seed

germination

Inhibition of
pathogen

development
[46]

Alternaria spp.
Fusarium spp.

Drechslera spp.

Origanum vulgare,
Thymus vulgaris

and
Coriandrum
sativum Eos

Vapour 50%

Inhibition of
seed germination

at 0.4% (thyme
and oregano EO)

Inhibition of
deoxynivalenol

(DON)
occurrence

[50]

Aspergillus spp.
Fusarium spp. 1,2 Ozone (60 mg L−1) Ozonation for

300 min 54.3% – [51]
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Table 3. Cont.

Potential Basic Substances—Fungi and Oomycetes

Crop
Target

Disease/Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Pea
Pisum sativum

Ascochyta blight
fungal complex

(Dydimella pinodes, D.
pinodella,
D. pisi) 2

S. aromaticum-
based formulation

(0.2% v/v)

Immersion for
10 and 20 min

From 68% to 71% Rate of seed
germination
equal to the

control but in
field an excessive

handling after
imbibition could

damage seeds

In vivo:
reduction in seed

infection
percentage

In field: seedling
protection and

established
plants

enhancement

[22]

Thymus vulgaris EO
(0.2% v/v) 86%

Melaleuca
alternifolia EO

(2% v/v)
71.5%

S. aromaticum-
based formulation

(0.4% v/v)
+ pinolene

Seed coating

From 6% to 80%

Rate of seed
germination
equal to the

control

T. vulgaris EO
(0.3% v/v)
+ pinolene

53%

M. alternifolia EO
(2% v/v)

+ pinolene
5%

Maize
(Zea mays)

F. verticillioides 2
Jacaranda

mimosifolia WE
(0.6% v/v)

Immersion
for 1 h

Pot experiment: 75%
Field experiment:

64%
–

Induction of
defense-related

enzymes
[52]

F. equiseti 2;
F. culmorum 2;

F. poae 2;
F. avenaceum 2

S. aromaticum EO
(5 × 104 ppm)

Immersion
for 8 min

Total inhibition
of seed

germination

Inhibition of
pathogen

development
[46]

Aspergillus spp. 2

Ozone (60 mg L−1) Ozonation for
480 min

99.7%
–

Aflatoxins and
microbial

contamination
reduction

[53]
Fusarium spp. 2 99.9%

Aspergillus spp. 1 Ozone
(2.14 mg L−1)

Ozonation
for 50 h

78.5%
–

Pathogen
incidence
reduction

[54]
Penicillium spp. 1 98.0%

Tomato
(Solanum
lycopersicum)

Fusarium wilt
F. oxysporum *

Artemisia
absinthium EO
(0.5 mg mL−1)

Seed coating Reduction in disease
symptoms.

Rate of seed
germination
equal to the

control

Induction of a
long-term

response (ROS
production and

callose
deposition)

[55]

Eucalyptus grandis
EO (6% v/v)

Immersion

73.0%
Rate of seed
germination
equal to the

control
[48]

Cuminum cyminum
EO (6% v/v) 53.1%

Citrus sinensis EO
(6% v/v) 84.3%

F. oxysporum f. sp.
lycopersici *

Origanum vulgare
EO

1200 μg mL−1
Immersion 52.0% No phytotoxicity

Reduction in
percentage

disease severity
and incidence

[49]

Squash
(Cucurbita
maxima)

Stagonosporopsis
cucurbitacearum 1

and seven other
fungal species

Cymbopogon citratus
EO and six other

essential oils.
(0.5 mg mL−1)

Immersion
for 6 h From 67% to 84.4%

Seedling
emergence
increasing

[56]

Bean
(Phaseolus
vulgaris)

Anthracnose/
Colletotrichum

lindemuthianum 2

Ocimum
gratissimum EO
(80 mg kg−1)

Immersion

Anthracnose
symptoms reduction

of 73.9% Rate of seed
germination
equal to the

control

[57]
S. aromaticum EO

(80 mg kg−1)

Anthracnose
symptoms reduction

of 65.5%
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Table 3. Cont.

Potential Basic Substances—Fungi and Oomycetes

Crop
Target

Disease/Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Lettuce
(Lactuca sativa)

Cladosporium sp. 1 Eugenia
caryophyllus EO

(500 μL L−1)

86.0%

Seed
germination

reduction
[58]

Alternaria sp. 1 70.0%

Cladosporium sp. 1 Cymbopogon citratus
EO

(500 μL L−1)

98.0%

Alternaria sp. 1 85.0%

Cladosporium sp. 1 Rosmarinus
officinalis EO
(500 μL L−1)

33.0%

Alternaria sp. 1 7.5%

Onion
(Allium cepa)

A. alternata 1

Abies alba EO
(0.2 μL cm−3)

Immersion
for 6 h

10.4%

Rate of seed
germination
equal to the

control

[59]

Botrytis allii 1 80.5%

B. cinerea 1 76.9%

Cladosporium spp. 1 28.5%

Fusarium spp. 1 84.2%

A. alternata 1

Pinus sylvestris EO
(0.2 μL cm−3)

Immersion
for 6 h

16.3%

Botrytis allii 1 55.5%

B. cinerea 1 88.4%

Cladosporium spp. 1 7.1%

Fusarium spp. 1 84.2%

A. alternata 1

T. vulgaris EO
(0.2 μL cm−3)

Immersion
for 6 h

10.4%

Botrytis allii 1 80.5%

B. cinerea 1 100%

Cladosporium spp. 1 35.7%

Fusarium spp. 1 94.7%

Sunflower
(Helianthus
annuus)

Plasmopara
halstedii 1

Nigella sativa EO
(0.6%)

Spray

Decrease in
sporangium quantity

70.1%

– [60]

Sambucus nigra EO
(0.6%) 87.3%

Hypericum
perforatum EO

(0.6%)
90.5%

Allium sativum EO
(0.6%) 90.0%

Vitis vinifera EO
(0.6%) 91.2%

Zingiber officinale
EO (0.6%) 90.2%

1 Natural contamination; 2 artificial inoculation; * soil contamination; EO = essential oil; WE = water extract.

Naturally contaminated Colletotrichum lindemuthianum beans were treated with basil
(Ocimum gratissimum) and clove EOs, and the treatment caused a significant reduction
in anthracnose incidence without affecting the germination and the emergence speed
index [57]. Lemongrass (Cymbopogon citratus), lavender (Lavandula dentata), lavandin
(Lavandula hybrida), tea tree (Melaleuca alternifolia), bay laurel (Laurus nobilis), and two
different marjoram (Origanum majorana) EOs were tested as seed treatments against the
main Cucurbita maxima seedborne fungal pathogens: Stagonosporiopsis cucurbitacearum,
Alternaria alternata, and F. solani [56]. The seed immersion treatments were carried out at a
concentration of 0.5 mg mL−1 for 6 h, with mixing every 30 min, and the results showed that
the incidence of multiple seedborne fungal pathogens was significantly reduced on squash
seeds, with no negative effect on germination. In addition, the C. citratus EO increased
seedling emergence and reduced the incidence of S. cucurbitacearum in plantlets.

Waureck et al. [58] found that the main fungi observed in organic and untreated lettuce
seeds were Cladosporium sp. and Alternaria sp. seed, and treatments with clove, lemongrass,
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and rosemary EOs at a dose of 0.5% (v/v) significantly reduced their presence on seeds, but
with negative effects on germination, suggesting that the application dose of these essential
oils should be modulated for lettuce seeds [58].

Exogenous application of specific plant extracts can induce resistance in the host plant
via higher levels of host defense enzymes and PR protein stimulation. An absinthium
(Artemisia absinthium) EO seed coating was tested on tomato seeds and was able to protect
seed germination and seedling growth, priming tolerance in tomato seedlings previously
infected with F. oxysporum f.sp. lycopersici by the induction of metabolic changes responsible
for the long-term tolerance of the tomato [55]. An extract of Jacaranda mimosifolia (1.2%)
applied to maize seeds provided significant protective effects on plants compared to the
inoculated control, by also inducing a systemic resistance in the host plants [52].

Silver fir (Abies alba), pine (Pinus sylvestris), and thyme EOs were tested as seed
treatments on onion by immersion for 6 h, and seed health test on potato dextrose agar
showed that all the oil treatments effectively controlled Fusarium spp. on the onion seeds
and frequently reduced their infestation with Botrytis spp. The lowest dose tested with
antifungal activity and without phytotoxic effects was 0.2 μL cm−3, while increasing the
dose led to increased phytotoxicity [59].

Commercial EOs obtained from different parts of black cumin (Nigella sativa), mustard
(Sambucus nigra), St. John’s wort (Hypericum perforatum), garlic (Allium sativum), grape (Vitis
vinifera), and ginger (Zingiber officinale) plants were evaluated in vivo against the oomycete
Plasmopara halstedii. The application of the above oils as a spray seed treatment was shown
to provide protection against mildew in sunflower plants under in vivo conditions, assessed
as a percentage reduction in the sporangium count ranging from 70.1% to 90.5% [60].

In order to obtain the best advantages from the volatile nature of active compounds,
oregano, thyme (Thymus vulgaris), and coriander (Coriandrum sativum) EOs were tested
in vapor form for their antifungal potential against Alternaria spp., Fusarium spp. and
Drechslera spp. infection on wheat seeds [50]. Wheat seeds were stored in an atmosphere
enriched with essential oil vapors and a selective antifungal effect was highlighted as the
following: oregano EO and thyme EO significantly inhibited Alternaria, Fusarium, and
Drechslera (that was the most sensitive). Regarding the phytotoxic effects of EO vapors on
the germination of the seeds, thyme EO and oregano EO had an inhibitory effect, especially
at 0.4%. This effect was cumulative over time. The EOs inhibited deoxynivalenol (DON)
occurrence, and the maximum percentage of inhibition was obtained after 21 days of vapor
exposure, with the most effective timing being when applied at 0.2%.

Ozone has been declared as a generally recognized as safe (GRAS) substance and its
application in agriculture has increased in recent years (Table 2) [61]. Ozone gas was applied
on maize and wheat seeds for fungal decontamination: ozone gas application for 300 min
at a rate of 60 mg L−1 was able to reduce the incidence of Aspergillus spp. and Penicillium
spp. (both ~ 54%) on artificially infected wheat seeds [51], while 50 h application at a rate of
2.14 mg L−1 reduced Aspergillus spp. (78.5%) and Penicillium spp. (98.0%) incidence
on naturally infected maize seeds [54]. Thanks to its oxidizing properties, ozonation
can also represent an effective method for the remediation of cereals contaminated by
mycotoxins, where gaseous ozone application for 480 min at the rate of 60 mg L−1 reduced
aflatoxins and microbial contamination in corn artificially infected with Aspergillus spp. and
Penicillium spp. [53].

4.2. Activity of Potential Basic Substances against Bacteria

Several studies have investigated the effects of potential basic substances to control
bacterial seedborne pathogens (Table 4). Kotan et al. [62] revealed the antibacterial effects
of different extracts of Origanum onites (hexane, acetone, and chloroform) on tomato and
lettuce seeds inoculated with Clavibacter michiganensis ssp. michiganensis, Xanthomonas
axonopodies pv. vesicatoria, and X. campestris pv. zinniae. Extracts were applied by seed
soaking after inoculation. The hexane extract was the most effective against C. michiganensis
ssp. michiganensis, with a 75% disease severity reduction at 15 mg mL−1, whereas the
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chloroform extract was more effective against X. axonopodies pv. vesicatoria and X. campestris
pv. vitians, with a 77% reduction at 20 mg ml−1 and a 74% reduction at 15 mg mL−1,
respectively. The authors attributed this strong antibacterial activity to the presence of
carvacrol and thymol, two of EO’s major constituents. No phytotoxicity was found on
seeds treated with all the extracts tested; indeed, different extracts even increased seed
germination and plant height in tomato seedlings at concentrations of 5 and 10 mg mL−1.
A study by Karabüyük and Aysan [63] on the reduction in bacterial speck disease caused
by Pseudomonas syringae pv. tomato demonstrated that immersion treatments of tomato
seeds with aqueous extracts of Zingiber officinale and Origanum vulgare (Istanbul thyme)
reduced 100% of bacterial speck disease incidence and severity on tomato seedlings. In
addition, aqueous extracts of Eucalyptus camaldulensis and Allium sativum reduced disease
incidence and severity by 98%–97% and 99.3%–56.8%, respectively, whereas coriander
extracts only reduced disease incidence by up to 63%. All the tested extracts did not
affect seed germination. The antimicrobial activity of thyme EO on soybean seeds infected
with P. savastanoi pv. glycinea B076 and P. syringae M7-C1, causal agents of bacterial blight
in soybean, was investigated at a greenhouse scale by Sotelo et al. [64]. The results ob-
tained demonstrated that 1.76 mg mL−1 of the essential oil previously diluted in skim
milk powder reduced the number of phytopathogenic bacteria inoculated on the seeds by
about 6 logs. In addition, the germination of the treated seeds was 73%, whereas for the
infected seeds it was near 50%. Similarly, the disease incidence of soybean plants from
infected seeds and treated with thyme EO was reduced by 24.05% for P. syringae M7-C1
and by 29.76% for P. savastanoi pv. glycinea B076. Another study [65] focused on the plant
pathogenic bacteria Burkholderia glumae, a rice seedborne pathogen that causes grain rot
in rice plants, and showed that immersion treatment of rice seeds for 10 min with clove
EO at 2% and 5% v/v and citronella (Cymbopogon nardus) EO at 1% and 3% v/v reduced by
50% the disease incidence in plants, with the 5% clove oil treatment giving the highest rice
grain production. However, no phytotoxicity data were provided. Cistus ladaniferus subsp.
ladanifer EO, together with its methanolic and ethanolic extracts, and Mentha suaveolens
EO, were used for the treatment of tomato seeds infected with the phytopathogenic bac-
terium C. michiganensis subsp. michiganensis [66]. The results evidenced that C. ladaniferus
subsp. ladanifer oil and extracts and Mentha suaveolens EO inhibited in vitro the growth of
C. michiganensis with a minimal inhibitory concentration (MIC) of 0.78 mg mL−1, but the
in vivo treatment with such EOs at MIC and 4 × MIC showed a negative effect on tomato
seed germination. On the contrary, treatment with ethanolic and methanolic extracts of
C. ladaniferus showed no phytotoxicity, with the methanolic extract revealing the highest
percentages of germination. Treatments were performed by soaking the seeds for 1 h. In
another study on the tomato, two other EOs (cinnamon and oregano) were tested in vivo
for their antibacterial activity against C. michiganensis subsp. michiganensis [67]. Artificially
infected tomato seeds were treated by immersion with these two oils at a concentration of
0.4% and their efficacy in controlling the pathogen was evaluated using a real-time PCR
molecular assay for in planta bacterial quantification at the very first stage of development:
both oils significantly reduced the bacterial presence in seedlings compared to controls
(untreated and water-treated), with oregano being the most effective. Oregano EO showed
no phytotoxicity at the concentrations tested up to 0.4%, while cinnamon EO had little
effect on germination, reducing it by one or two percentage points.
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Table 4. In vivo and in-field activities of potential basic substances applied as seed treatments to
control seedborne bacteria in different crops. Effectiveness is reported as the disease incidence or
symptom percentage reduction compared to the untreated control. Phytotoxicity was evaluated
through germination testing and the results are compared to the untreated control.

Potential Basic Substances—Bacteria

Crop
Target

Disease/Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Tomato
(Solanum

lycopersicum)

Clavibacter
michiganensis subsp.

michiganensis 1

Cinnamomum
zeylanicum EO

(0.4% v/v)
Immersion 25% Germination

reduced by 1–2%

Bactericidal
activity [67]

Origanum vulgare
EO

0.4% (v/v)
Immersion 100%

Rate of seed
germination
equal to the

control

C. michiganensis
subsp. michiganensis 1

O. onites HE
(15 mg mL−1)

Immersion

75%

Rate of seed
germination
equal to the

control

Different extracts
increased seed

germination and
plant height

[62]

Xanthomonas
axonopodies pv.

vesicatoria 1

O. onites CE
(20 mg mL−1) 76.91%

X. campestris pv.
zinniae 1

O. onites
chloroform

extract
(15 mg mL−1)

74.22%

Pseudomonas syringae
pv. tomato 1 (Pst)

Zingiber officinale
AE

Immersion

100%

Rate of seed
germination
equal to the

control

[63]

O. vulgare L. AE
(Istanbul thyme

and Izmir
thyme)

100%

Eucalyptus
camaldulensis AE

98% (incidence)
97% (severity)

Allium sativum
AE

99% (incidence)
57% (severity)

Coriandrum
sativum extracts Up to 63% (incidence)

Soybean
(Glycine max)

P. savastanoi pv.
glycinea B076 1 Thymus vulgaris

EO
(1.76 mg mL−1)

24.05% Seed
germination
increasing

Increasing seed
germination [64]

P. syringae M7-C1 1 29.76%

Rice
(Oryza sativa) Burkholderia glumae 1

S. aromaticum EO
Cymbopogon

nardus
50%

Rate of seed
germination
equal to the

control

[65]

Tomato
(Solanum

lycopersicum)

C. michiganensis
subsp. michiganensis 1

Cistus ladaniferus
subsp. ladanifer

EO

Immersion
for 1 h

Minimal inhibitory
concentration (MIC):

0.78 mg mL−1

Rate of seed
germination
equal to the

control

Bacterial growth
inhibition

[66]
Cistus ladaniferus
subsp. ladanifer

ME

Seed
germination
increasing

Mentha
suaveolens EO

Rate of seed
germination
equal to the

control

1 Natural contamination; EO = essential oil; AE = aqueous extract; ME = methanolic extract; CE = chloroform
extract; HE = hexane extract.

4.3. Activity of Potential Basic Substances against Viruses and Phytoplasma

Basic substances or potential basic substances having a direct action on viruses or
phytoplasma inside plant cells are nowadays quite unknown. Research directly targeting
these pathogens inside the plant host cells by applying sustainable means of control is
useful and highly recommended. Stommel and colleagues demonstrated [68] that exposure
of pepper mild mottle virus to ozone resulted in viral inactivation, but at insufficient levels
to prevent viral transmission from highly contaminated pepper (Capsicum annuum) seeds
(Table 5). Viruses and phytoplasma are non-culturable organisms; therefore, it is not easy

209



Horticulturae 2023, 9, 1220

to verify their direct effects on pathogens and just in vivo trials can be used. However,
in vivo trials are much more complex and require infected materials with a high load of the
pathogen to gain significant results. Virus and phytoplasma can be controlled by physical
treatments such as thermotherapy or by controlling their insect vectors. Basic substances or
potentially basic substances can also effectively be used against the vectors to reduce the
spread of viruses and phytoplasma.

Table 5. In vivo and in-field activities of potential basic substances applied as seed treatments to
control seedborne viruses in different crops. Effectiveness is reported as the disease incidence or
symptom percentage reduction compared to the untreated control. Phytotoxicity was evaluated
through germination testing and results are compared to the untreated control.

Potential Basic Substances—Viruses

Crop
Target Disease/

Pathogen
Substance

(Concentration)
Application

Effectiveness
(Disease/Symptoms

Reduction)

Possible
Phytotoxicity

Activity/Defense
Response

Reference

Pepper
(Capsicum

annum)

Pepper mild
mottle virus

(PMoV) 1

Ozone
(20 ppm)

Ozonation
for 14 h

Inactivation of the
seedborne virus;

however, at high seed
contamination levels,

this treatment was
insufficient to prevent

infection

Rate of seed
germination
equal to the

control

[68]

1 Natural contamination.

5. Conclusions

Sowing high-quality seeds is important to reduce yield losses. Seed treatment is an
essential step in the management of crops diseases. This step can play economic and
environmental roles in reducing the cost and quantity of pesticides in the field. Sustainable
seed treatments using basic substances and potential basic substances can be good alter-
natives to controlling the main seedborne pathogens and for promoting more sustainable
crop systems. Basic substances have a registration cost that is much lower than the one
of synthetic pesticides (EUR 50,000 versus EUR 300 million) [15], and small companies
can also promote the application of a basic substance. There is relatively poor information
about the effectiveness of basic substances and potential basic substances as seed treatments
compared to synthetic pesticides, but in some research, their effectiveness can be considered
comparable or slightly lower than the one of synthetic fungicide. The cost of the product is
comparable to or slightly higher than synthetic pesticides. Conversely, by applying basic
substances, there are no issues with the safety of the treated commodities and a there is a
lower impact on the environment. These alternatives now need to be further developed as
appropriate seed treatments for ensuring global food security in a green way.
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Abstract: To reduce the impact of chemical pesticides on the environment, there are relevant efforts
to enhance the possibility of controlling plant diseases using environmentally friendly biocontrol
agents or natural products that show pathogen control capacity. The European Union, FAO, and
the United Nations largely promote and finance projects and programs in order to introduce crop
protection principles that can attain sustainable agriculture. Preventive measures related to the choice
of cultivars, soil fertility, integrated pest management (IPM), and organic farming strategies are still
the basis for obtaining satisfactory crop yields and reducing classical pesticide utilisation through the
application of commercially available and ecofriendly control agents. Effective pathogen detection at
borders to avoid quarantine pathogens is mandatory to reduce the risk of future epidemics. New
technical support for the development of sustainable pathogen control is currently being provided by
forecasting models, precision farming, nanotechnology, and endotherapy. New biocontrol agents
and natural products, disease management through plant nutrition, systemic resistance inducers,
and gene-silencing technology will provide solutions for obtaining satisfactory disease control in
horticulture. The “multi-stakeholder partnership” strategy can promote the implementation of
sustainable crop protection.

Keywords: Green Deal; integrated pest management; biocontrol agents; natural products; models;
precision agriculture; nanotechnology; endotherapy; systemic resistance inducers; gene silencing

1. Introduction

The concepts that illustrate sustainable agriculture have been posed and defined
decades ago and can be summarised by the principles and approaches described by F.A.O.
“Building a common vision for sustainable food and agriculture” (https://www.fao.org/
3/i3940e/i3940e.pdf, accessed on 22 May 2022) as “an integrated system of plant and
animal production practices having a site-specific application that over the long-term will:
(a) satisfy human food and fiber needs; (b) enhance environmental quality and the natural
resources; (c) make the most efficient use of nonrenewable resources and on-farm resources
and integrate natural biological cycles and control; (d) sustain the economic viability of
farm operations; (e) enhance the quality of life for farmers and society as a whole”.

Considering that the complete achievement of all such goals still requires a relevant
effort [1], the success of sustainable agriculture mainly depends on the acceptance of
these principles by the farmers, which should actively identify strategies for maintaining,
enhancing, and developing their on-site resources (i.e., soil, water, air, biodiversity, and
landscape) for future generations [2]. The successful application of such goals can be
assessed by indicators that measure the percentage of the agricultural area which satisfies
the specified criteria of sustainability regarding water, soil, and biodiversity, and achieving
a specific level of productivity [3]. However, the need for a continuously widespread
application of sustainability criteria in agriculture with less impact on the environment is
also necessary in a world where food demand is increasing.

For the European Union, sustainable agriculture, through the “Farm to Fork” strategy,
is one of the main objectives of the European Green Deal (Annex to the European Green
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Deal, 2019). The aim of agriculture before the year 2030 should be: (a) at least 25% of
agriculture in Europe being organic; (b) reduction by 50% of chemical pesticide utilisation;
(c) reduction by 50% of more hazardous pesticide utilisation; (d) reduction by 20% of
fertiliser utilisation; (e) reduction of soil nutrient losses by at least 50%. In addition, to
diminish the utilisation of copper in agriculture, the executive regulation 2018/1981 of the
European Commission reduced the maximum limit of usable copper to 4 kg per hectare,
and a maximum of 28 kg per hectare in seven years to minimise the potential accumulation
of copper in soil and the exposure of non-target organisms. Similarly, the United Nations
2030 agenda promotes sustainability in agriculture through Sustainable Development Goals
(SDG) (https://sdgs.un.org/goals, accessed on 22 May 2022). Within this scenario, there
are already examples of communities that, upon a referendum, decided to ban the use of
chemical pesticides to protect the local environment and obtain pesticide-free food [4].

It should be noted that the use of traditional pesticides showed a 2% decrease per year
owing to the application of regulatory restriction laws, compared to the 15% increase per
year in favour of biopesticide utilisation [5]. Within this context, the future of agriculture
will be based on environmentally friendly agronomical techniques that, at the same time,
can assure a profit to the farmer and the sustainability of the farm itself [6].

The success of obtaining satisfactory pathogen management according to sustainable
agriculture principles requires parallel actions to prevent the spread of phytopathogens.
From this perspective, effective quarantine measures are necessary to avoid the introduction
of destructive plant pathogens into new areas of cultivation. Currently, this aspect is
particularly relevant because of the extensive global circulation of plant materials and
climate change [7]. Modern diagnostic tools should be implemented at the points of
plant material circulation (i.e., airports and ports) and the local entry points (i.e., regional
phytosanitary services) [8]. Local quarantine agencies can be assisted by climate-matching
tools and geographical information systems that can predict the possibility of pathogen
spread in a new area [9].

Many reviews have been published on the different aspects of sustainable agriculture,
including basic knowledge on the control of phytopathogens [10–14]. The principles that
rule out agro-ecology and organic farming are not discussed. This review attempts to
provide a broad overview of sustainable agriculture and integrated pest management (IPM)
principles applied to achieve pesticide reduction, with a focus on disease management
under the regulatory framework of the European Union. There is a focus on the main
strategies based on the utilisation of well-known and new biocontrol agents and products
or compounds with a low impact on the environment that are already developed or
undergoing achievements regarding the control of some diseases of woody and herbaceous
crops. New technologies to augment the efficacy of disease control in sustainable agriculture
are also presented and discussed.

A synoptic panel of current control strategies in relation to sustainability principles
and policies is shown in Figure 1.
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Figure 1. Synoptic panel that shows the current strategies and policies related to the achievement of
sustainable disease control in horticulture.

2. The Basis for a Sustainable Disease Control: The Preventive Measures

2.1. Suitability and Selection of the Site and Cultivars

In addition to the economic aspects and infrastructural facilities, the climatic factors
characterising an area must be considered for the choice of the crop to be cultivated. At
present, this issue is relevant because of climatic changes that affect most areas of the
world. Climate change can result in the adoption of different pathogen control strategies
and agronomical techniques, owing to the possible adaptation of new pathogens to the
new climatic scenario. For example, many areas with a Mediterranean climate that are
traditionally free from freezing events either in winter or early spring have recently faced
relevant frost damage during such periods, which seriously threatens the economic profit of
crops [15,16]. In addition, for other areas such as Central and Eastern Asia, Central–North
America, Northern India, Australia, and the Mediterranean Basin, the occurrence of “hot
spots” (i.e., temperature > 40 ◦C for many consecutive days, accompanied by the absence of
rainfall) during summer pose a risk to wheat cultivation [17] and can cause severe damage
to heat-tolerant crops such as olive [18]. Edaphic (i.e., soil fertility, texture, and porosity)
and biotic (i.e., occurrence of bees, pests, and pathogens) factors must also be considered to
avoid future problems due to climate change.

In addition to area suitability, the right choice of cultivars is another basic element
that can allow the success of the crop according to sustainability criteria. For woody
species, the choice is of basic importance and, according to soil characteristics, should also
consider the choice of rootstock. The right choice is even more critical, particularly when
the crop reaches a new cultivation area [19]. The cultivar choice for herbaceous crops is also
important in the context of climate change, as shown by an extensive survey performed
in Germany with cereal producers. Farmers judged eco-stability, grain yield performance,
and steadiness as being the most important cultivar requirements [20].
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2.2. Healthy Seeds and Plant Material

The healthy phytosanitary status of seeds, tubers, plantlets, potted plants, and prop-
agative material is a fundamental prerequisite for initiating cultural cycles. At present,
this aspect is particularly important considering the extensive global circulation of these
commodities. In recent years, the relevant increase in global plant circulation regarding
the agricultural and forest trade has dramatically increased the possibility of pests and
pathogens to rapidly reach new countries and, consequently, to colonise and infect new
crops and the same crops cultivated on another continent [21]. Once introduced in a new
area, phytopathogens can become part of the new environment(s) depending on a series of
factors, such as the number of introduction events, the transmission rate of the pathogen,
the density and spatial variation of the susceptible host, the favourability of the climatic
conditions, the synchronicity between host susceptibility, and the pathogen life cycle [22].
An efficient surveillance system at the border should be developed in each country to
rapidly intercept new threats before they can be established in a new territory. This issue is
particularly important for countries that have not yet developed a phytosanitary regulation
system based on quarantine principles. In contrast, seed companies and plant nurseries
should efficiently implement all preventive measures that can reduce the colonisation of
plant material (i.e., effective pathogen control strategies during plant growth and disinfec-
tion of plant material before shipping). In addition, farmers should carefully monitor crops,
particularly during the first phases of growth, to observe and eliminate potential diseases.

2.3. Optimal Soil Fertility and Agronomical Techniques

One of the pillars of the European Common Agricultural Policy (CAP) is the mainte-
nance and enhancement of soil fertility; correct soil management is one of the fundamental
prerequisites for sustainability in agriculture [23]. According to agroecological princi-
ples, some effective practices can be applied to herbaceous and woody crops to maintain
and augment soil fertility. Crop rotation with leguminous species and the planting of
cover crops between tree rows are methods that can ensure, over a long-term period,
the maintenance of natural soil fertility [24,25]. Crop rotation can also result in a bet-
ter control of some soil-borne diseases, such as in potatoes affected by Rhizoctonia solani
and Streptomyces scabies [26]. In addition, the application of plant growth-promoting rhi-
zobacteria (PGPR), biofertilisers, composts, mycorrhiza, biochars, and humic and fulvic
acids can augment nutrient acquisition and assimilation, improve soil texture and plant
growth, and induce systemic resistance to biotic and abiotic stresses [26–32]. For ex-
ample, the distribution to the soil of a biofertiliser that contained a mixed fungal and
bacterial microflora induced conferred protection against Fusarium wilt of banana caused
by Fusarium oxysporum f. sp. cubense after three years [33]. Paecilomyces variotii, a fungus
obtained from agro-industrial compost, showed efficacy in the control of Fusarium wilt of
melon caused by Fusarium oxysporum f. sp. melonis [34]. However, care should be given to
the correct choice of compounds released into the soil to increase their overall fertility. In
some circumstances, organic matter, particularly animal manure, can release antibiotics
that can perturb native microflora, causing adverse effects on the crop [35]. It should be
noted that balanced crop nutrition is an essential component of any integrative program
for crop protection [36].

Given that the application of compounds for crop protection aims to deposit the
highest amount of the active ingredient on the target plant part (i.e., buds, leaves, and
canopy) in which the pathogen resides, an effective and desirable reduction of the spread
of any compound in the environment can be achieved by the appropriate calibration of the
sprayers. At present, it is possible to adjust the sprayer nozzles to achieve the intended
target (i.e., the plant part that shows symptoms of disease), which also reduces water
utilisation [37]. Soil solarisation is a well-known technique that, when properly applied,
can effectively control important soil-borne pathogens. However, the utilisation of plastic
covers poses a relevant concern for their subsequent removal and disposal [38]. Organic
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farming largely benefits from such preventive measures to obtain effective pathogen control,
particularly soilborne pathogens [39].

3. Sustainable Agriculture and Pathogen Control

3.1. The Basis for an Effective Sustainable Pathogen Control

Knowledge of the genomic structure, virulence factors, and epidemiology of pathogens
is the basis for developing fine-tuned strategies for the effective control of biotic diseases
in crops. Selected biocontrol agents or compounds with potential curative effects should
be tested against different strains of pathogens that represent the entire population struc-
ture. In addition, the disease cycle of the target pathogen should be fully understood to
precisely apply the biocontrol agent/compound before and during plant colonisation or
the internal multiplication of the microorganism. Some examples of the basic studies that
link crop and pathogen epidemiology to the selection of biocontrol agents and fine-tune
the spread of active ingredients for disease control are as follows [40–46]. Knowledge of
the pathogen cycle of diseases is also the basis for the development and implementation
of disease forecasting [47,48]. Moreover, the sustainability of modern pathogen control
should be considered in addition to crop productivity, the ecological function of the crop,
and the social acceptance of the strategy [49]. A report that concerns either the effective-
ness or the social impact of different strategies to control fire blight of apple, caused by
Erwinia amylovora, in Switzerland has been prepared. A thorough investigation performed
by interviewing experts and a literature data search revealed that biological control per-
formed with Aureobasidium pullulans is either effective or widely accepted in rural areas
because of its feasibility, durability, low impact on animals, biodiversity, soil and water
habitation, low cost, and acceptance by consumers [50]. In this case, the majority of the
inhabitants of an area are aware of the importance and efficacy of sustainable agriculture
for the maintenance and improvement of their lifestyle and environmental safety.

3.2. Current Control Strategies

Integrated pest management (IPM) is the current strategy that allows for the effective
control of many plant pathogens in many cases. According to the European Union Frame-
work Directive on the sustainable use of pesticides (Directive 2009/128/EC), IPM “means
careful consideration of all available plant protection methods and subsequent integration
of appropriate measures that discourage the development of populations of harmful organ-
isms and keep the use of plant protection products and other forms of intervention to levels
that are economically and ecologically justified and reduce or minimise risks to human
health and the environment. IPM emphasises the growth of a healthy crop with the least
possible disruption to agro-ecosystems and encourages natural pest control mechanisms”.
In addition, the FAO IPM programme involves three large areas located in Asia, the Near
East, and West Africa to improve farming skills, raise the awareness of smallholder farm-
ers of the risks posed by traditional agrochemicals, and promote sustainable agriculture
(https://www.fao.org/agriculture/crops/core-themes/theme/pests/ipm/en/, accessed
on 22 May 2022).

However, given the diversity and complexity of agricultural scenarios, IPM can differ
significantly among countries, and each crop of a definite area of cultivation should apply
the IPM criteria according to the local reality and a holistic approach; thus, the combina-
tion of control tactics into a planned strategy can provide more effective and sustainable
results than the single-tactic approach [51,52]. The development and utilisation of ad hoc
web-based platforms illustrating control thresholds, cultural practices that can influence
disease attack, pathogen virulence, and fungicide efficacy can help farmers, advisors, and
researchers to better plan the control strategy according to a real-time assessment of the
environmental conditions of the area [53].

The application of the IPM strategy on a large scale would benefit from ad hoc studies
that provide updated information on the current control strategies applied to any crop in
an area in order to identify the lack of knowledge in the field, to be resolved through future
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studies. These systematic maps of knowledge have proven useful in applying IPM to arable
crops (i.e., wheat, barley, oat, potato, sugar beet, and oilseed rape) cultivated in large areas
in Sweden [54]. A refined IPM strategy which combines all the validated methods for mon-
itoring and reducing the impact of the diseases would allow researchers to control apple
scab and apple powdery mildew, caused by Venturia inaequalis and Podosphaera leucotricha,
respectively. This strategy includes disease monitoring and forecasting, ecofriendly fungi-
cides, adequate orchard sanitation, biological control, and insect control through mating
disruption. It is comparable with the results obtained by conventional pest management
methods [55]. IPM is also the basis for a transition from a chemical to a biological control
strategy in Canada regarding greenhouse vegetable crops [56].

In addition, IPM strategies largely benefit from the cultivation of resistant/tolerant
cultivars, as observed for the more effective application of biocontrol agents such as
Bacillus mycoides to a sugar beet cultivar that is more tolerant to Cercospora beticola, or
Bacillus subtilis towards chickpeas infected by Fusarium oxysporum f. sp. ciceris [57]. In
the Netherlands and Ireland, the utilisation of novel potato cultivars resistant to late
blight, caused by Phytophthora infestans, in combination with real-time pathogen population
monitoring and checking of its genetic structure allowed for a reduction of 80–90% of
fungicide use (https://www.wur.nl/en/newsarticle/more-sustainable-potato-production-
through-extended-ipm-for-late-blight.htm, accessed on 22 May 2022). The protection of
crops starting from the seed is another relevant option for better management of diseases.
Trichoderma gamsii, applied to maize kernels, has been proven effective in reducing pink ear
rot caused by Fusarium verticillioides and root infection [58].

Despite the higher incidence of pathogens in the crop, the application of organic
farming principles for some years can also support, in many circumstances, the effective
biological control of pathogens [59]. The observed increase in ecological intensifications
of the agro-ecosystem promotes a higher occurrence of beneficial microorganisms in the
crop [59]. The synergism between IPM strategies and organic farming principles in relation
to pathogen control could provide benefits for improving environmental quality, farm
economic viability, and soil and human health [60].

At present, the success of IPM and organic farming in relation to pathogen control is
based on three research sectors that are closely related to each other: disease forecasting
models, biological control, and environmentally friendly natural products or compounds.

3.2.1. Disease-Forecasting Models

Disease forecasting is based on mechanical models designed with the input of climatic
data and the pathogen cycle of disease to alert the grower on whether, when, and how to
apply an agrochemical or a biocontrol agent to protect crops. Such models are dynamic
because they analyse the changes in the components of an epidemic over time according
to external variables (i.e., climatic data, pathogen multiplication, and plant growth stage
in relation to disease development) [47] (Figure 2). An effective example of a forecasting
model that allows a relevant reduction in pesticide distribution in the environment is
vite.net® [61]. Based on a decision support system that calculates vineyard parameters (i.e.,
air, soil, plant, pathogen, and disease development) and a web-based tool that analyses such
data, vite.net® provides information for Plasmopara viticola management in the vineyard.
The system is flexible and can be tailored to a single vineyard or an area characterised by
high similarity. This tool was largely utilised by grape growers on more than 17,000 h in
2017 in Italy, Spain, Portugal, Greece, Romania, and the United Kingdom and allowed for a
reduction of approximately 50% in pesticide utilisation [47,61].

Another effective and used disease-forecasting model is Brassicaspot
TM that is applied

to manage Albugo candida, a causal agent of white blister of Brassica crops (i.e., radish and
broccoli) in Australia [62]. The application of the model allowed for a reduction of more
than 80% of the disease and reduced the number of pesticide sprays from fourteen to
one or two per year. In addition, the introduction of a resistant cultivar and the simple
change in the time of irrigation from 2000 h to 4000 h also decreased disease incidence [62].
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Similarly, in Florida, the Strawberry Advisory System (SAS) based on local weather data
allows growers to reduce the use of chemical sprays for controlling anthracnose, caused by
Colletotrichum spp., and grey mould, caused by Botrytis cinerea [63], by 50%. In South Korea,
the EPIRICE model was developed to assess the daily risk for the occurrence of rice blast
caused by Magnaporthe oryzae [48]. The model utilises some climatic data linked to fungus
multiplication, such as air relative humidity, temperature, and precipitation, and can be
used to predict the risk of disease at an early stage [48].

Figure 2. Scheme of a modern decision support system based on a forecasting model for plant
disease management. Information about crop-specific characteristics (A1), environmental conditions
(A2), crop and plant status (A3), and agricultural operations (A4) flows from the crop to a remote
server (B1), and it is stored in database (B2). This information is then used as an input for running
mathematical models and decision algorithms (B3), which generate decision supports and alerts to
the grower for deciding when and how apply a protective agent (C1). (Reproduced from [47]).

3.2.2. Biological Control

Biological control agents for plant diseases are defined as naturally occurring mi-
croorganisms capable of suppressing the growth and proliferation of a target pathogen by
different mechanisms of action (i.e., competition for space and nutrients, antibiosis, pre-
dation, induced host resistance, and lytic enzymes). In addition to living microorganisms,
they sometimes utilise metabolite(s) that can be sprayed directly onto crops [64]. Beneficial
microorganisms are registered as plant protection products, and they are usually applied
to crops at a high density once or several times during the growing season. In the United
States and Canada, government agencies are responsible for confirming the biosafety of the
biocontrol agents (i.e., the Environmental Protection Agency (EPA) in the United States,
and the Pest Management Regulatory Agency (ARLA) in Canada). In Europe, according to
Regulation 1107/2009 for plant protection products, the authorisation for commercialising
biocontrol agents is obtained through some related steps: (a) the bioactive microorgan-
ism should be approved at the European level by the European Food Safety Authority
(EFSA) according to the physiochemical properties of the substance, its risk profile for
human health, and its risk profile for the environment; (b) formulated products should be
authorised at the member state level; (c) further scrutiny with regard to organic agriculture
requirements. In addition, the Directorate General for Health and Food Safety (DG SANTE),
the Standing Committee on Plants, Animal, Food, and Feed (PAFF Committee), and the
Rapporteur Member State are involved in the decision according to Directive 91/414, which
states that any active substance should be included in an approved EU list (Annex 1), and
its further application must be authorised by member states. These procedures take a long
time, thus creating an overall slowness for final approval [65].
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The causal agents of plant diseases can have either a worldwide occurrence in spe-
cific crops or local distribution. For the first case, the application of the Nagoya protocol
of October 2014, for the “Access and the Fair and Equitable Benefit-sharing of Genetic
Resources” that restricts the international exchange of biological material, can result in
a limitation on the circulation and use of biological control agents that are selected in a
different geographical area [66]. Consequently, given the increase in organic food demand
and the current Green Deal policy, the selection of native local biocontrol agents is of
paramount importance [11]. It should be noted that this selection largely depends on the
specific pathosystem under study. Two approaches illustrate how it is possible to proceed:
(a) selection through consecutive screenings for testing the effectiveness of the biocontrol
agent (i.e., in vitro assays for antibiosis, lytic enzymes, and antimicrobial metabolites, in
planta assays for colonisation, control performance, and induced resistance); (b) selection
through the assistance of genetic/genomic studies (i.e., the use of genetic markers for find-
ing single biocontrol traits, genome-wide DNA markers for selecting complex traits) [11,67].
The durability of biocontrol agents is another important prerequisite for their long-standing
efficacy. Indeed, there are documented reports of a significant reduction in the control
effectiveness of Botrytis cinerea in Astilbe hybrids, as shown by Pseudomonas chlororaphis
after eight treatments [68].

In some circumstances, natural selection yields biocontrol agents that are capable
of displaying long-term positive effects on some diseases, such as for soybean root rot
caused by Fusarium spp., Pythium spp., and Rhizoctonia solani in Northeast China. In
this case, a naturally occurring suppressive soil was analysed, and Trichoderma harzianum,
Pochonia clamydosporia, Paecilomyces lilacinus, and Pseudomonas fluorescens strains have been
found to inhibit the fungal pathogens of soybean roots [69]. Another well-known ex-
ample is the natural occurrence of mycoviruses of the family Hypoviridae, which infect
Cryphonectria parasitica, the causal agent of chestnut blight. Upon infection, the virus incites
hypovirulence in the fungus by reducing its parasitic growth and sporulation capacity. The
virus can be isolated from chestnut cankers and utilised as a biocontrol agent to cure trees
by inhibiting further canker development. In addition, the virus is capable of spreading
naturally in the forest and reaching other infected trees [70].

Fungi, bacteria, and yeast are the most widely used biocontrol agents. The fol-
lowing species are among the most versatile: Trichoderma harzianum, Trichoderma viride,
Bacillus subtilis, and Pseudomonas fluorescens. All of them, indeed, have shown control activ-
ity towards some common fungal pathogens such as Botrytis cinerea, Monilinia fructicola,
Plasmopara viticola, Puccinia graminis, and Erisiphe spp. [71]. Rhizobium (Agrobacterium)
radiobacter strain K84 is among the most known biocontrol agents used for many years
to control crown gall caused by Agrobacterium tumefaciens [72]. A stand-alone effective
biocontrol agent has been also selected for apple scab caused by Venturia inaequalis, namely
Cladosporium cladosporioides H39, that, over a wide range of environment, showed a high
control level and appears effective even when applied after some days from the infection
event [73]. Similarly, Bacillus amyloliquefaciens strains are capable of effectively controlling
Fusarium equiseti in broad bean cultivation [74]. In some circumstances, a single biocontrol
agent is capable of effectively reducing two diseases caused by distantly related microor-
ganisms, as was seen for Paecilomyces variotii, which showed control activity towards both
the bacterium Xanthomonas vesicatoria, the causal agent of bacterial spot of tomato, and
Fusarium oxysporum f. sp. melonis, the causal agent of Fusarium wilt of melon [34].

Trichoderma spp. are among the most studied biocontrol agents in agriculture. Through
different metabolic pathways, the induction of systemic resistance to the plant, multiple
adaptive mechanisms, antimicrobial molecules, and antagonistic behaviour, Trichoderma
strains can either promote plant growth or act as effective biocontrol agents against fun-
gal species under numerous agricultural conditions, including in greenhouses and nurs-
eries [75,76]. These strains account for the greatest proportion of fungal biocontrol agents
against the phytopathogenic microorganisms investigated, and many commercial formula-
tions that contain a single Trichoderma strain or a mixture of different Trichoderma strains
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are available [75,77]. A series of common and widespread phytopathogenic fungi, such
as Rhizoctonia solani, Fusarium oxysporum, Botrytis cinerea, Pythium spp., Sclerotinia spp.,
Verticillium spp., Phytophthora spp., and Alternaria spp. can be controlled by generalist
Trichoderma spp. strains [75,78]. Other fungal genera that also show antagonistic activ-
ity toward phytopathogenic fungi are Alternaria, Aspergillus, Penicillium, Pichia, Candida,
Talaromyces, and nonpathogenic Fusarium, Pythium, and Verticillium [79]. Pichia anomala is
effective in controlling postharvest crown rot of banana caused by Colletotrichum musae,
Fusarium verticillioides, and Lasidiodiplodia theobromae [80]. In addition, Ampelomyces quisqualis
is commercially available for the preventive control of powdery mildew fungi in different
crops, such as eggplant, cucumber, tomato, and strawberry.

Pseudomonad strains provide a very large amount of potential biocontrol agents that
can be found within the following species and species complexes: Pseudomonas fluorescens,
P. chlororaphis, P. putida, P. syringae, P. aureofaciens, P. protegens, P. mandelii, P. corrugata,
P. koreensis, and P. gessardii [81]. However, very few commercially available products are
currently available: P. fluorescens for Erwinia amylovora; nonpathogenic Pseudomonas syringae
for postharvest disease of fruits, potato, and sweet potato; Pseudomonas chlororaphis for
fungal diseases of ornamental crops and turf grass; Pseudomonas aureofaciens for lawn and
grass management against soil-borne fungi. Genetic instability and poor shelf life are among
the main causes of the limited registration of pseudomonads as biocontrol agents [81].
Bacillus species have a higher shelf life due to their possibility to form endospores, and have
many potential biocontrol agents, stemming from their ample antagonism mechanisms (i.e.,
antibiosis, enzymes, lipopeptides, competition for space, and nutrients), are also present in
this genus, with Bacillus subtilis, B. amyloliquefaciens, and B. polymixa being the richest in
providing biocontrol effectiveness [82].

Among the yeasts, five species are most widely used as biocontrol agents, namely
Candida oleophila, Metschnikowia fructicola, Cryptococcus albidus, Saccharomyces cerevisiae, and
the yeast-like fungus Aureobasidium pullulans. The low production of toxic secondary
metabolites by yeast is an important prerequisite that raises fewer biosafety concerns and
increases their possibility of utilisation [83]. Candida oleophila is utilised as a postharvest
biocontrol agent for banana, apple, and citrus, towards Colletotrichum musae, Botrytis cinerea,
and Penicillium spp., whereas Aureobasidium pullulans is utilised as a biocontrol agent to-
wards fire blight of apple and pear, caused by Erwinia amylovora, and for apple postharvest
diseases [84]. Moreover, a satisfactory control has been also achieved in strawberry culti-
vated in greenhouses towards Phytophthtora cactorum and Botrytis cinerea, the causal agents
of crown and root rot and grey mould, respectively [85].

In some cases, a combination of more biocontrol agents provides better control
than the application of a single agent. The sprays of Bacillus mycoides and the yeast
Pichia guillermondii on strawberry leaves provided a better performance for controlling
Botrytis cinerea than the application of a single biocontrol agent [86]. In addition, to induce
stimuli for the plant growth, plant growth-promoting rhizobacteria (i.e., Bacillus subtilis
and Curtobacterium flaccumfaciens) can also act as effective biocontrol agents as the case of a
multiple effectiveness against three cucumber pathogens, namely Colletotrichum orbiculare,
Pseudomonas syringae pv. Lachrymans, and Erwinia tracheiphila [87]. However, the compati-
bility between different control agents should always be assessed because there are also
cases of reduced control activity when two agents are applied without a prior compatibility
assessment [88,89]. In the case of proven compatibility, the two biocontrol agents can
provide satisfactory disease control activity through a multitrophic approach [90]. The
addition of specific substances that promote the growth of biocontrol agents on the plant’s
surface can also enhance the performance of the biocontrol agents, as in the case of lactic
acid, which is used as a biocontrol agent for Erwinia amylovora [91].

3.2.3. Natural Products and Compounds

A natural product with a potential use for controlling plant diseases can be defined
as a physiologically active chemical that is synthesised by plants, microorganisms, or
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animals. These products can act as antimicrobials or inducers of systemic resistance,
are usually easily biodegradable, and do not persist in the environment [92]. Some of
them can act as templates for chemical pesticides (i.e., synthetic analogues), such as the
fungicide strobilurin, which was named with reference to Strobilurus tenacellus, a wood-
rotting mushroom. Chitosan and its derivatives, alkaloids, flavonoids, terpenes, proteins,
and phenolic compounds are the most widely studied and used dried materials [93]. These
products are the result of their coevolution with the biotic environment; thus, many of
them are defence compounds toward other organisms and can possess potent bioactivities
and selectivity [94]. Within this category could be included also antibiotics. However, in
many countries, these products are banned for their utilisation in agriculture as protectants
because of the possibility of transmission of genetic traits from bacterial phytopathogens to
microbes of human and animal importance, which could confer resistance to a single or
multiple antibiotics [95,96]. However, these are not discussed in this paper.

Harpin, a proteinaceous elicitor of the self-protective hypersensitivity reaction in plants
against pathogens, obtained from the pathogen Erwinia amylovora [97], was among the
first natural products to be commercially utilised in plant protection. Protection obtained
through harpin was observed for harvested apples infected by blue mould, which is
caused by Penicillium expansum [98]. Currently, it is included among the biostimulants.
Another well-known natural fungicide was obtained from Reynoutria sachalinensis to control
powdery mildew of cucumber and tomato in glasshouse cultivations, as well as downy
mildew of grapevine [99,100]. The extract induces plant defence responses such as callose
papillae and an increase in salicylic acid and caffeic acid [101]. Chitosan is a derivative
polymer of chitin, the primary component of the cell wall of fungi and the exoskeleton
of insects and crustaceans, and is usually extracted from shrimp shells, mud crabs, and
fungi for utilisation in medical and chemical science, as well as in agriculture. Chitosan-
based compounds are traditionally utilised postharvest to protect fruit decay [102]. Due
to the very high economic losses in crops caused by phytopathogens that show pesticide
resistance [103], the discovery, validation, and registration of new natural products that
are characterised by different and novel modes of action are required, and DNA sequence
technologies can help in identifying gene(s) or clusters of genes of potential interest for
pathogen control [94].

4. Developing Control Strategies

A synoptic panel concerning developing control strategies is shown in Figure 3.

Figure 3. Synoptic panel that illustrates the developing disease control strategies for sustainable agriculture.
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4.1. Technical Support
4.1.1. Precise Timing Decision for Pathogen Control

Modern forecasting models for plant disease should be characterised by (a) flexibil-
ity and accuracy; (b) differential interactions between the analysed data and statistical
representation; (c) different thresholds of infection risks in relationships with possible
mixed infections and changes in crop susceptibility during the season; (d) modelling the
disease dynamics, taking into account the long-distance interactions of biological param-
eters (e.g., spore dispersal through wind and deposition via rainfall events); (e) defining
the precise timing for applying biopesticides, taking into account the different scales of
climatic and epidemiological data [104]. Knowledge of the pathogenic genetic structure
is also important for including such variability into the model according to a fine-tuned
pathogen disease cycle. In addition, the assessment of field infection over consecutive
years can also be used to calibrate and compare the current-year prediction range [104].
Because some models of the past are hindered by sparse spatial data and a limited use of
field monitoring technology, predictive models for pathogen infection based on weather
forecasting can now largely benefit from recent advances in the large-scale monitoring
of the space provided by satellites [104]. Consequently, a further improvement could be
obtained by incorporating data besides the meteorological parameters, obtained by using
remote sensing, into the model, such as the leaf reflectance of the red band obtained during
the crop growing season [105]. In some circumstances, remote sensing analyses allow for
the detection of pre-symptomatic outbreaks and distinguish symptoms caused by different
causal agents, such as Phytophthora infestans and Alternaria solani [106]. The final validation
of the models in the field and their utilisation by farmers is considered a mandatory step
for including the model in an effective IPM strategy [12], and the direct involvement of
farmers (i.e., the end-users) in developing such tools is important [107].

Climate change projections should also be considered, so that modern forecasting
models also aim to predict possible scenarios of pathogen outbreaks and provide a fine-
tuned timing for applying preventive and curative biocontrol agents, or natural products,
for plant protection [108]. Through different global circulation models, it is now possible to
generate climatic projections of diseases in different geographical areas. Several key plant
pathogens, including Fusarium spp., Puccinia recondita, Pyrenophora teres, Magnaporthe oryzae,
Plasmopara viticola, Phytophthora infestans, and Xanthomonas oryzae pv. oryzae have been
assessed for their potential impact on climate change [108]. These models can also predict
the impact of a pathogen outbreak at the landscape level when introducing a new crop
adapted to the changing climate or in the case of a widely distributed crop facing a new
pathogen introduced from abroad [108].

4.1.2. Precision Farming and Pathogen Control

Strictly connected with the forecasting models, precision farming can provide methods
that can be utilised at a single-farm level in order to predict pathogen outbreaks in real-
time and site-specifically. The geographical information system (GIS), in combination
with on-site monitoring platforms for continuously assessing pedo-climatic data, are the
basis for providing alerts to the farmers in relation to the pathogen outbreak [109]. A
so-called phenomic approach can assist to establish the precise time for performing the
preventive or curative treatment to the crop. The measurements of crop traits such as
growth and performance during the season obtained through noninvasive techniques
can detect pre-symptomatic events of disease-related changes in the crop that are not
visually apparent [110]. In these cases, the “Internet-of-Things” monitoring platform
utilises an artificial intelligence algorithm for emulating the decision-making ability of
humans regarding the choice of the precise timing for controlling the pathogen [111].
An agro-weather station is installed in the field for measuring many climatic data and
additional data such as leaf wetness, soil temperature and water content, and solar radiation
in order to detect the early stages of the pathogen infection and to provide an alert to the
farmer for applying control measures [111]. Another advantage of precision farming for
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pathogen control is the management of the disease according to its possible occurrence
only in some area of the farm, this resulting in a reduction of pesticide distribution. The
monitoring platforms can also detect soilborne diseases by recording the changes in the
foliage characteristics [109]. An on-going application for monitoring disease spread both
on a large scale and at the single-farm level is the agricultural research outcomes system
(AgCROS), developed in Florida to manage the citrus greening disease of citrus crops,
caused by the non-cultivable bacterium Candidatus Liberibacter asiaticus. AgCROS is a
GIS-based monitoring platform for sharing research data between farmers and researchers
and to provide decisions for a better management of the disease [112]. One of the most
important outcomes of the platform is the early detection of trees infected by the pathogen.
This result can be achieved by analysing, in each farm, some plant physiological indexes
such as NDVI and NDRE, shown by the trees during the season and captured by remote
sensing through unmanned aerial vehicles (UAV) [112]. Moreover, to reduce the cost of the
analyses for large areas, data obtained from satellite can be also utilised [112].

Another application of precision farming coupled with remote sensing data anal-
yses is currently performed to control cotton root rot, caused by the soilborne fungus
Phymatotrichopsis omnivora, in Texas [113]. Field multispectral images are acquired though
satellite sensors, and field maps are created to monitor the crop. A classification map dis-
tinguishes infected field parts from the healthy ones based on different colors pointing out
the diseased plants. Consequently, different rates of fungicides and fertilisers are applied
to any single farm according to the precise occurrence of diseased plants in a specific area,
thus allowing for a relevant reduction of pesticide spread [113].

4.1.3. Nanotechnology

Nanomaterials released within a plant through nanotechnology can provide a relevant
contribution to the reduction of agrochemicals spread in the environment. However, we
must first assess the interactions of the nanoparticles with the plant tissue [114], as well
as the bioavailability and durability of nanoparticles [115], their potential ecotoxicological
risks and accumulation in food [116], and the relative costs for their application [116]. In
addition, nano-biopesticides should have refined technical properties such as a high solu-
bility of low-solubility active ingredients, a slow targeted release, and the non-premature
degradation of active ingredients [117]. Additionally, some traditional pesticides have
been re-formulated by developing nanoparticles to reduce the dispersal of the active in-
gredients in the environment [116]. Among the preventive measures for pathogen control
to be applied in sustainable agriculture, copper and zinc-based nanoparticles could be
used as seed coating substances or in foliar applications to improve the overall growth of
plantlets [118]. The nanomaterials that show potential for application as nanopesticides
include silver, copper, zinc, carbon, magnesium, manganese, silicon, calcium carbonate, and
chitosan [114]. Bioactive products can also be encapsulated within biodegradable nanoma-
terials or, alternatively, loaded with plant extracts possessing antimicrobial activities. These
nanocarriers can release the active product selectively to the plant. Among these nanocarri-
ers, chitosan oligomers and methacrylated lignin could be effectively utilised [119]. PGPR
strains could also be utilised as nano-fertilisers and/or inducers of systemic resistance to
phytopathogens [120].

Greenhouse studies have shown the relevant activity of copper-based nanoparticles to-
wards Fusarium oxysporum f. sp. niveum, the causal agent of watermelon root rot [121]. Simi-
larly, sprayed copper-based nanoparticles showed relevant antifungal activities in eggplant
grown in a glasshouse on a soilless medium and infected with Verticillium dahliae, whereas
copper, zinc, and manganese nanoparticles significantly reduced the pathogenic activity of
Fusarium oxysporum f. sp. lycopersici in tomato grown on a soilless medium [122]. Nanopar-
ticles obtained from crude extracts of Chaetomium cochlioides, a fungus that possesses
antimicrobial compounds, reduced the severity of rice blast caused by Magnaporthe oryzae
by 60% [123]. It should be stressed that, to date, most applications of nanoparticles have
been restricted to basic laboratory studies and some field applications [114].
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Due to the low degradability of nanoparticles in the natural environment [49], the full
development of this sector still requires in-depth studies on the impacts of the different
active ingredients used as nanoparticles to determine the long-term effects of nanoparticles
on the environment and their residual content in food. The field applications of silver
nanoparticles retained as effective antimicrobials are the most striking example of this cau-
tious approach [124]. The need to formulate precise guidelines for nanoparticle utilisation
in the field is also required [114,125]. Notably, however, chitosan-derived nanoparticles
offer a good avenue for assessing the biosafety risks, since these nanoparticles are created
from biodegradable bioactive polymers, are not toxic to humans and animals, and offer
good antimicrobial activity towards both fungi and bacteria [117,126].

Antimicrobial peptides obtained from natural compounds or that are designed and
synthetically obtained de novo are small peptides that show the potential capacity for con-
trolling plant diseases, as replacements for traditional pesticides once we have verified their
impacts on the ecosystem (i.e., the epiphytic microbiota of leaves and fruit) [127]. A current
limitation of the wide utilisation of such peptides is the high cost of field treatments. These
peptides offer the possibility to control plant diseases by either inactivating the pathogenic-
ity of the target phytopathogen or inciting plant defense mechanisms in a multitarget
approach. This possibility was verified by applying a bifunctional synthetic peptide to
tomato plants and observing its control capacity towards Pseudomonas syringae pv. tomato,
the causal agent of tomato bacterial speck; Xanthomonas campestris pv. vesicatoria, the causal
agent of tomato bacterial spot; Botrytis cinerea, the causal agent of tomato grey mould [128].

4.1.4. Endotherapy

The release of specific products within the xylem tissue of trees through trunk in-
jection or trunk infusion is another technique that could allow for a notable reduction of
agrochemical dispersal in the environment, reduce the risk of toxicity for farmers, and pos-
sibly reduce the overall cost of the protective treatment [129]. The products to be released
through endotherapy should be preliminarily verified for their suitability in apoplastic
transport within the plant, for the absence of phytotoxic effects [130], and to determine
the most suitable plant port for effective injection [131]. There is also a need to reduce the
trunk wounds that are caused by devices utilised for the injection [132–134]. Apple trees
infected with Erwinia amylovora, the causal agent of fire blight, and injected with products
that incite the induction of systemic acquired resistance, such as acibenzolar-S-methyl
and potassium phosphite, were found to significantly reduce both blossom and shoot
blight. This injection also induced the expression of some proteins related to plant de-
fense [133]. Similarly, a study in Apulia (Italy) on evaluating the possibility of controlling
Xylella fastidiosa subsp. pauca, the causal agent of olive quick decline syndrome, showed
that the trunk injection of a curative biocomplex containing zinc, copper, and citric acid
incited an increase in some plant defense-related metabolites, such as oleuropein and
polyphenols, as well as a simultaneous decrease in other metabolites related to the disease,
such as quinic acid and mannitol [135]. Endotherapy performed with glutaraldehyde on
grapevine cuttings provided a satisfactory control of Phaeoacremonium minimum, one of the
fungi involved in the esca disease complex [136]. In addition, endotherapy performed on
grapevine plants showing symptoms of esca disease complex using chitosan oligomers
as nanocarriers loaded with the extracts of some plants offering antimicrobial properties,
such as Rubia tinctorum, Equisetum arvensis, Urtica dioica, and Silybum marianum, yielded a
significant reduction of foliar symptoms [119].

4.2. New Bioproducts and Sustainability
4.2.1. Biocontrol Agents

The potential use of biocontrol agents in sustainable plant protection is currently lim-
ited by factors such as the fragmentation of biocontrol sub-disciplines and crop site-specific
factors; unwieldy regulatory processes; increasingly bureaucratic barriers to access bio-
control agents; insufficient engagement and communication with the public, stakeholders,

226



Horticulturae 2022, 8, 517

growers, and politicians in regards to the considerable economic benefits of biocontrol;
relatively high costs [137,138]. For biosafety reasons, any microorganism released into the
environment should be carefully assessed via the post-release field monitoring of putative
negative environmental impacts, and well-designed ecological monitoring programs will
provide data that can help regulators [139]. The cost-efficiency of the product plays a
relevant role in farmer choice, and considerable attention should be devoted by the selling
companies to the methods of formulation, storage, and delivery [32]. Additionally, the cost
of registration for the biocontrol agents is very high, and some companies register their
bioproducts as biofertilisers [140].

Apart from bureaucratic and regulatory barriers, some technical aspects for identifying
potential biocontrol agents could also be improved, and the need for new high-throughput
screening systems was previously suggested [141]. In particular, marker-based screening
that can test, in vitro, many enzymes and/or metabolites linked to the antagonistic activity
of the microorganism(s) and perform genomic-based searches for genetic traits that show
antagonistic activity should be applied to reveal potential beneficial strains to be further
assessed through in planta tests [11,141].

One branch of development for obtaining biocontrol agents is based on bacteriophages
and phages, the viruses of bacteria. Apart from their stability in the environment [142],
one of the most critical points for the utilisation of biocontrol agents is the definition of
their host range. This aspect is critical since the potential dispersal of such agents into
the environment should not create problems for beneficial bacterial microflora [143,144].
Moreover, phages should not interfere with the genetic material of the target plant by r
eleasing traits through transduction that could be incorporated into the plant cell [143].
There are many studies demonstrating the in vitro effectiveness of phages and phage
cocktails in infecting and killing plant pathogenic bacteria, even though relatively few
strains have reached the commercial phase [142–144]. This lack of commercial applications
could be due to the intrinsic difficulty in establishing a direct correlation between laboratory
and field conditions [145].

In the U.S.A., Xanthomonas vesicatoria, the causal agent of bacterial spot of tomato
and pepper, Pseudomonas syringae pv. tomato, the causal agent of bacterial speck of tomato,
Erwinia amylovora, the causal agent of fire blight of apple and pear, and Xylella fastidiosa
subsp. fastidiosa, the causal agent of Pierce’s disease of grapevine are examples of bacterial
pathogens that can be controlled or mitigated using commercially available products based
on phages. In Europe, Enterobacteriaceae (Pectobacterium, Dickeya), which affects potato
during post-harvest, and Erwinia amylovora, which is under strict regulation during spring,
are the sole pathogens for which commercially distributed phages are allowed [143,144].
Soil-borne pathogens and seeds are other targets for biocontrol through phage utilisa-
tion [143,144]. In addition, phage-derived proteins, such as endolysin for Gram-positive
species, can be exploited as potential antimicrobial agents [146]. In the future, precision
farming through sensor-based technology could effectively assist and improve upon the
field utilisation of phages. The detection of early stages of the disease coupled with the best
time to avoid leaf desiccation and U.V. stress could facilitate the success of phage activity
in the field [144].

Usually, the rhizosphere and phyllosphere are the most commonly exploited resources
for isolating potential bacterial strains for biological control. Plant-growth-promoting
rhizobacteria are well-known active agents that enhance the plant defense system, thus con-
ferring a general healthy status to the crop. Acinetobacter, Arthrobacter, Azospirillum, Bacillus,
Bradyrhizobium, Rhizobium, Sphingomonas, Serratia, and the nonpathogenic Agrobacterium,
Burkholderia, and Pseudomonas are the most common isolated genera that show growth-
promoting activities [147]. Bacillus spp. and Pseudomonas spp. isolated from the rhizosphere
and/or soil are among the bacterial genera most widely utilized as biocontrol agents for
soil-borne fungal and bacterial phytopathogens, whereas the genus Streptomyces yielded a
relevant number of strains with potential as biocontrol agents, especially towards fungal
species [148]. In the phyllosphere, Pseudomonas, Bacillus, and Pantoea are the predominant
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genera that can be isolated as potential biocontrol agents [149]. Preliminary screening to re-
veal the occurrence of antimicrobial compounds and antagonistic activities (e.g., hydrolytic
enzymes, ammonia, and antibiosis) related to phytopathogen biocontrol and the promotion
of plant growth should be performed on a large collection of isolates to highlight the most
promising strains [150]. Other important features of successful biocontrol agents include
niche-adaptability, competition for nutrients, and colonisation ability [151,152]. Moreover,
some commercial products based on strains of the aforementioned bacterial genera are
currently used as biocontrol agents for crop protection, including soil-borne diseases.

For example, Pantoea vagans and Pseudomonas fluorescens provide many strains with
antagonistic activities to both phytopathogenic bacterial and fungal species. Some strains
of both species show control capacity for Erwinia amylovora, the causal agent of fire blight of
apple and pear [153]. Additionally, commercial compounds have been developed as poten-
tial substitutes for streptomycin application in disease control. Pseudomonas fluorescens is
among the most versatile bacterial species and can act as either a plant-growth-promoting
or biocontrol agent for plant diseases, especially soil-borne diseases [154]. Similarly,
Pseudomonas chlororaphis strains have been registered in commercial formulations to con-
trol leaf blight and grey mould in tomato, which are caused by Alternaria alternata and
Botrytis cinerea, respectively [155].

Bacillus subtilis, Bacillus amyloliquefaciens, and Bacillus pumilus are largely employed
as biocontrol agents for citrus diseases both in the field and during storage—namely,
Colletothricum acutatum and Colletothricum gloeosporioides, the causal agents of anthracnose;
Alternaria citri, the causal agent of black rot; Phytophthora citrophthora, the causal agent
of root rot; Plenodomus thacheiphilus, the causal agent of mal secco; Penicillium digitatum,
Penicillium italicum, and Geotrichum candidum, which are involved in fruit decay during
storage [156,157]. To improve the effectiveness of these biocontrol agents during fruit
storage, additional compounds or physical treatments (i.e., copper hydroxide, sodium
carbonate, tea saponins, and hot water) are applied to provide more integrated and effective
management [156]. The salt-tolerant Bacillus velezensis showed significant biocontrol activity
towards Verticillium wilt of olive [158] (Figure 4).

Figure 4. Olive Verticillium wilt, caused by Verticillim dahliae, treated with Bacillus velezensis: olive
trees in the field experiment before and after the treatment with B. velezensis strain XT1. (Reproduced
from [158]).
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Bacillus strains could also be effectively used in mixed compounds to exploit the
synergistic effects of their diverse antagonistic modes of action towards target pathogenic
bacteria and fungi [159]. Potato is another crop that largely benefits from the utilisation of
biocontrol agents to prevent tuber soft rotting caused by Pectobacterium spp., Dickeya spp.,
and Clostridium spp. [160]. The overall strategy includes soaking potato tubers prior to
sowing in a solution containing Pseudomonas fluorescens strains to prevent future coloni-
sation by pathogens. Similarly, the soil can also be inoculated with antagonistic bacteria
such as Bacillus, Pantoea, Pseudomonas, and Streptomyces to colonize the root zone where
phytopathogens usually start plant colonisation.

Finally, cocktails of biocontrol agents in the form of a solution or powder are used
to protect harvested tubers during storage. In this case, the tubers are soaked in the
solution prior to storage [160]. A significant reduction in economic losses caused by rice
blast incited by Magnaporthe oryzae is expected to be obtained through the application of
Streptomyces strains as biocontrol agents [161,162]. Some lactic acid bacteria, which are
usually used as bioprotective agents for foodborne pathogens and spoilage microorganisms,
have also shown good potential to act as biocontrol agents for plant pathogens. Due to
its antimicrobial metabolites, Lactobacillus plantarum shows broad-spectrum antagonism
towards some bacterial phytopathogens such as Pseudomonas syringae pv. actinidiae, the
causal agent of kiwifruit bacterial canker; Xanthomonas arboricola pv. pruni, the causal agent
of bacterial spot of stone fruit, and Xanthomonas fragariae, the causal agent of angular leaf
spot of strawberry [163] (Figure 5). A consortium of endophytic lactobacilli composed
of Weissella cibaria and Lactococcus lactis enabled the control of papaya dieback caused by
Erwinia mallotivora [164].

Figure 5. Effect of the treatments with lactobacilli strains (grey bars) on Pseudomonas syringae pv.
actinidiae, Xanthomonas arboricola pv. pruni, and Xanthomonas fragariae infections in kiwifruit, Prunus,
and strawberry plants, respectively, under greenhouse conditions. The effect of strains on disease
incidence (%) was compared with streptomycin (white bars) and a non-treated control (black bars).
Different letters indicate statistical significance (Reproduced from [163]).
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The versatile behavior of Trichoderma spp. can also be exploited to provide effective
control through the colonisation of additional niches besides those that are usually targeted,
such as in the case of T. gamsii, which is commonly utilised to protect wheat spikes from
Fusarium graminearum, the causal agent of Fusarium head blight of wheat. The addition
of fungus in the soil or during sowing can enhance the overall biocontrol activity [165].
Similarly, the addition of Trichoderma polysporum spores to seeds in combination with liquid
compost rich in organic matter supplied in fertigation during plant growth enhanced
overall bioactivity towards melon wilt caused by Fusarium oxysporum f. sp. melonis under
semiarid conditions [166]. A combination of Trichoderma strains with nanoparticles could
also provide augmented control effectiveness [167].

The search for new beneficial traits within Trichoderma spp. can now be assisted
through genomic prediction tools that reveal the occurrence of a single gene or cluster
of genes that produce bioactive product(s) either per se or under some stimuli [168,169].
Several predicted terpenes and phytotoxins with potential bioactive behavior have been
found in the genome by genomically screening publicly available Trichoderma genomes [169].
A reduction in production costs is also an important issue to resolve for this important
sector of biocontrol agents, and new types of formulations exploiting low-cost substrates
for producing pure fungal spores should be implemented [75].

Consortia of bacteria and fungi, so-called multi-strain biological control agents, or
microbial synthetic communities, can also be utilised for the management of soil-borne
diseases caused by bacteria, fungi, and oomyctes [170] or key fruit pathogens, such
Botrytis cinerea, by developing niche-specific microbial interactions [171]. A microbial
consortium based on Trichoderma atroviride, Aureobasidium pullulans, and Bacillus subtilis
that colonises different ecological niches of the bunch during the season was proven
to be effective in significantly reducing the activity of B. cinerea, the causal agent of
grey mould of grapevine [171]. According to this strategy, Trichoderma atroviride, a good
coloniser of dead plant tissue, provides protection at the bunch closure stage. Addition-
ally, Aureobasidium pullulans can compete for sugar utilisation, with the fungus occurring
on cracks in berries, whereas Bacillus subtilis, which produces antagonistic metabolites,
should be sprayed close to harvest time [171]. Commercially available formulations
contain Trichoderma strains and other bioactive species such as Pseudomonas fluorescens,
Pseudomonas aureofaciens, Bacillus spp., and Streptomyces spp. [75]. Consortia of different
Streptomyces strains showed the potential capability to reduce the severity of some diseases
caused by Fusarium oxysporum in vegetables [172].

Non-harmful endophytic microorganisms are another source of potential biocon-
trol agents currently being exploited. Generally, these microbes live within plant tis-
sues and provide useful metabolites for plant growth and tolerance to stress, including
plant pathogens [13,173]. Volatile organic compounds could also be used to control plant
diseases [174]. The genus Trichoderma also includes endophytic species that can be ex-
ploited as mycoparasites, as in the case of coffee leaf rust caused by Hemileia vastatrix [175].
Other fungal genera that have shown potential beneficial activities towards fungal phy-
topathogens include Heteroconium; Ramularia; Xylaria; Candida; and nonpathogenic strains
of Fusarium oxysporum, Cladosporium, Colletotrichum, Alternaria, Phoma, Pestalotiopsis, and
Botryosphaeria [13,173]. The genus Streptomyces is another source of beneficial endophytes
that show antagonistic activities towards soilborne fungi such as Fusarium, Pythium,
Verticillium, Rhizoctonia, and Phytophthora (directly to the phytopathogens or mediated
through their metabolites). Some commercial products are also available [176]. Bacillus,
Paenibacillus spp., and Rhodococcus are other good candidates for obtaining biocontrol
agents [177].

4.2.2. Natural Products

Natural products that show biocidal activities are commonly obtained from plant
or animal extracts or microbial metabolites. Essential oils, chitosan, some plant extracts
(i.e., Yucca schidigera, Equisetum arvense, Punica granatum, Allium cepa, Urtica dioica, and
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Camellia sinenis), alkaloids, and bacterial lipopeptides are currently being studied, and
some are already available as commercial biopesticides [178]. Seaweeds represent an-
other potential source for obtaining biopesticides [179], especially when utilised in a
well-planned IPM strategy [180]. Essential oils (i.e., mixtures of terpenes hydrocarbons,
alcohols, and phenols) extracted from many plant species have been studied in detail as
products with potential biocidal activities towards phytopathogenic fungi, oomycetes,
and bacteria, without inciting pathogen resistance [181,182]. However, the stability and
persistence of essential oils in the environment, as well as their high cost of authori-
sation and regulatory barriers, remain obstacles for their wide utilisation in sustain-
able agriculture [181,182]. Essential oils obtained from Mentha arvensis, Mentha spicata,
Juniperus mexicana, Citrus x sinensis, Persicaria odorata, Piper nigrum, Canarium commune,
Cinnamomum zeylanicum, Boswellia carterii, Cymbopogon flexuosus, Litsea cubeba, Artemisia alba,
Cistus ladaniferus, Copaifera tree, Ferula galbaniflua, Citrus aurantium, and Schinus terebinthifolius
are registered in Europe by the European Chemical Agency (Homepage-ECHA (europa.eu))
as being suitable for use in agriculture, with some approved for their biocidal activi-
ties. In addition, when applied as seed protectants against cabbage black rot caused by
Xanthomonas campestris pv. campestris, essential oils obtained from Zataria multiflora yielded
a significant reduction in the further occurrence of disease in the field [183], whereas clove
oil obtained from Eugenia caryophyllata was observed to control pomegranate bacterial
blight caused by Xanthomonas axonopodis pv. punicae [184]. Essential oils obtained from
cumin, basil, and geranium, applied either as seed protectants or directly in the soil, showed
effectiveness towards cumin root rot caused by Fusarium spp. [185]. New techniques such
as emulsion and the encapsulation of essential oils are currently being studied to enhance
the stability and persistence of such oils in the environment [181].

Chitosan is currently being studied both as a plant defense inducer and for its direct
involvement in disease control [186,187]. One of chitosan’s properties is its film-forming
abilities, which can be exploited to protect the surface of plants, thus avoiding colonization
by pathogens. This feature can protect fruits and vegetables under postharvest conditions,
and many crops benefit from treatments for controlling fungi involved in decay. These
crops include table grapes, strawberry, pear, apple, citrus, peach, sweet cherry, plum,
and mango [188]. The film formed by chitosan can also reduce both the incidence and
severity of Pseudomonas syringae pv. actinidiae, the causal agent of kiwifruit bacterial
canker [189]. Significant activity was also observed in rice infected with bacterial leaf
blight caused by Xanthomonas oryzae pv. oryzae [190]. Seed dressing is another potential
application of chitosan to reduce disease [191]. Interestingly, chitosan showed a synergistic
effect with some biocontrol agents such as Trichoderma spp., indicating both castor seed
protection [192] and a increased reduction in the pathogenicity of Cercospora beticola and
Fusarium oxysporum [193]. Chitosan should also be added to the soil to reduce the severity
of tomato crown and root rot caused by Fusarium oxysporum f. sp. radicis lycopersici [194].
Similarly, chitosan should be applied together with essential oils to reduce the volatility of
such oils and to enhance their effectiveness in the control of Aspergillus flavus on dates [195].

In a previous study, Yucca schidigera extract protected sorghum seeds through the pathogenic
activity of Phoma sorghina, Curvularia lunata, Cladosporium spp., and Fusarium spp. [196]. The mac-
erate of Equisetum arvense (common horsetail) presented control activities that were very similar to
those of different copper compounds towards Phytophthora infestans, the causal agent of tomato
late blight; Puccinia triticina, the causal agent of durum wheat brown rust; Fusarium graminearum,
the causal agent of Fusarium head blight of durum wheat [197]. Pomegranate (Punica granatum)
peel extract is another natural product that shows potential activities for the control of phy-
topathogens. Pomegranate fruit peel extract showed a significant reduction in the severity and
incidence of disease for Pseudomonas syringae pv. tomato, the causal agent of tomato bacterial speck,
and tomato damping-off caused by Fusarium oxysporum f. sp. lycopersici [198,199]. Pomegranate
(Punica granatum) fruit peel extract also showed interesting activities for the postharvest con-
trol of Botrytis cinerea, Penicillium expansum, and Penicillium digitatum on sweet cherry and citrus
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fruits [200]. Camellia sinensis extracts presented antibacterial activities towards Pseudomonas syringae
pv. actinidiae, the causal agent of kiwifruit bacterial canker [201].

Tetrahydro-β-carboline alkaloids, which naturally occur in fruits, showed poten-
tial inhibitory activities towards some emergent and dangerous phytopathogenic bac-
teria such as Xanthomonas axonopodis pv. citri, the causal agent of Asiatic citrus canker;
Xanthomonas oryzae pv. oryzae, the causal agent of rice bacterial blight; Pseudomonas syringae
pv. actinidiae, the causal agent of kiwifruit bacterial canker [202].

4.2.3. Nutrition Management

Apart from playing fundamental roles in plant growth and development, nutrients
are also involved in plant pathogenesis and disease control [203]. Moreover, for pathogen
control in sustainable agriculture, preventive balanced nutrition coupled with rational
agronomical techniques may be more cost effective and environmentally friendly than
the application of any pesticide [36,204]. However, each pathosystem (i.e., the interaction
between one single pathogen and one single crop in a certain environment) has its own
peculiarities that should be investigated in order to verify the relationships between the con-
tents of each nutrient within the plant and the development of disease over the season [36].
Among the various macronutrients, nitrogen can have either a beneficial or negative effect
when applied to a crop to contain disease. These differing behaviors seem to be influenced
by the overall characteristics of the pathogen (i.e., an increase in disease severity with
obligate pathogens and a decrease in disease severity with facultative pathogens) [205].

The role of phosphorus in crop protection appears to be inconsistent and unpredictable.
Relatively high potassium content generally has positive effects in reducing disease sever-
ity [202]. In particular, potassium phosphate was found to significantly reduce the severity
of barley powdery mildew [206]. After establishing that a specific dose does not reach
the limit imposed for the maximum residue level of phosphites, potassium phosphite
can also contribute to disease reduction, as in the case of Alternaria solani on potato and
Alternaria alternata on citrus fruit [207,208]. Calcium appears to be especially effective for
post-harvest treatments against gray mould caused by Botrytis cinerea [209,210], whereas
magnesium showed inconsistent results in controlling diseases [211]. Further ad hoc studies
should be performed to determine the potential beneficial effects [212].

Among the various micronutrients, copper has been widely used as a fungicide and
bactericide for a long period of time, although its excessive utilisation can result in the
accumulation of copper in the soil, which poses risks for the microbial microflora [213].
Zinc and manganese are microelements that show clear beneficial activities against plant
diseases [205]. Applying a supply of manure rich in zinc prior to planting winter wheat was
found to significantly reduce the severity of spring blight caused by Rhizoctonia cerealis [211].
Moreover, the higher uptake of manganese in paddy-grown rice when compared to the low
uptake in upland rice cultivations yielded a greater resistance to Magnaporthe oryzae, the
causal agent of rice blast [214]. The wheat root rot disease caused by Gaeumannomyces graminis
can be effectively managed through the nutrition of the host plant, especially through the
supply of manganese [205]. Iron can also enhance the virulence of bacteria and fungi, and
soilborne pathogens can be limited by adding rhizosphere-beneficial microorganisms that,
through the activation of siderophores, reduce the iron content in the soil [36].

An in-depth study to determine which nutrients can impede the multiplication of
pathogens showed that the direct supply of nutrients can help directly manage disease in
some circumstances [215]. Another study explored the application of a biocomplex fertiliser
containing low doses of zinc, copper, and citric acid to the crowns of infected trees, provid-
ing a striking example of the importance of plant nutrition as a strategy for significantly
reducing infection in olive groves with symptoms of olive quick decline syndrome caused
by Xylella fastidiosa subsp. pauca [216,217] (Figure 6). In this case, zinc and copper ions,
which also showed direct bactericidal activities [215], increased in olive trees grown in
soils that were characterised by low contents of such ions [218]. The increases in zinc and
copper content within the plant that were caused by supplying this biocomplex over a
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few years allowed the severely infected trees to achieve good yields [214]. Additionally,
supplying some nutrients as a foliar spray—in this case, calcium and boron—enabled the
better control of gray mould in strawberry, caused by Botrytis cinerea [219].

Figure 6. Two olive groves in Nardò (Lecce province, Apulia, Italy): the trees on the right were
abandoned upon the infection by Xylella fastidiosa subsp. pauca, whereas the trees on the left were
treated with the zinc–copper–citric acid biocomplex described in [216,217]. The treated trees continue
to yield despite the occurrence of the pathogen in the surrounding areas.

4.2.4. Systemic Resistance Inducers

The inducers of plant systemic resistance to pathogens show potential applications
in IPM strategies. Such resistance can be mediated via (a) salicylic acid or its precursors,
which incite systemic acquired resistance (SAR), or by (b) PGPR, which incites induced
systemic resistance (ISR) by modulating the jasmonate and ethylene pathways [220]. Such
inducers activate signals related to the plant defense mechanisms that are able to coun-
teract pathogen colonisation. Acibenzolar-S-methyl, harpin, chitosan, and extracts of
Reynoutria sachalinensis and Saccharomyces cerevisiae are commercially available inducers
of resistance, whereas β-aminobutyric acid (BABA), probenazole, saccharin, phosphites,
biochar, mycorrizhal fungi, endophytes, and algal extracts are among the most commonly
studied future candidates for new commercial products [220]. Acibenzolar-S-methyl is able
to induce resistance towards different kinds of pathogens in different crops, including the
postharvest decay fungi of mango species such as Colletotrichum gloeosporioides [221]. More-
over, fava bean was found to be protected from Uromyces viciae-fabae and Ascochyta rabiei
after acibenzolar-S-methyl treatments [222]. Within an IPM strategy, acibenzolar-S-methyl,
in combination with copper treatments, reduced the severity of kiwifruit bacterial canker
caused by Pseudomonas syringae pv. actinidiae [223].

Besides plant growth, PGPR mixtures showed the ability to protect crops, as in the
case of pepper infected with Xanthomonas vesicatoria, the causal agent of bacterial spot [224].
Similarly, Azospirillum brasilense protected strawberry infected with Colletotrichum acutatum,
the causal agent of anthracnose fruit rot [225]. Preventive BABA treatments protected let-
tuce and grapevine from downy mildew caused by Bremia lactucae and Plasmopora viticola,
respectively [226,227]. As an inducer, biochar (i.e., a product of biomass pyrolysis obtained
in the absence of oxygen) showed broad-spectrum activities when applied to the soil as
an amendment, yielding protection against Botrytis cinerea, Colletotrichum acutatum, and
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Podosphaera aphanis in strawberry [228]. This product, obtained from olive pruning, also
showed inhibitory activities towards tomato spotted wilt virus, a systemic viral agent,
without negatively affecting beneficial soil biocontrol agents such as Bacillus spp. and
Trichoderma spp. [229]. Marine algae also showed potential broad-spectrum activities to-
wards plant pathogens. Extracts from Ulva fasciata reduced the activities of Colletotrichum
lindemuthianum, the causal agent of anthracnose of bean [230]. Additionally, extracts of
Ulva armoricana showed activities towards the powdery mildew of grapevine, bean, and
cucumber [231].

4.2.5. Gene Silencing

Using RNA interference technology to achieve host-induced silencing of the pathogen
gene(s) involved in mechanisms of pathogenicity and virulence is another strategy that is
currently being studied to provide sustainable tools for plant disease control, including
the control of viruses [232–234]. Gene silencing through RNA interference is a common
plant strategy aimed at blocking the activities of pathogens. Phytopathogens attempt
to overcome this measure through anti-silencing mechanisms aimed at inactivating the
host plant’s RNA interference machinery to start the infection [232]. This technology is
based on establishing small interfering host-induced (or more recently, exogenous (i.e.,
sprayed)) non-coding RNAs that, upon their uptake into the plant, can silence genes that
are fundamental for the pathogen life cycle and/or infection (i.e., cross-kingdom RNA
interference) [232–234]. The pathogen target genes used in developing the gene-silencing
approach are numerous [234]. However, the success of this strategy largely depends on
the efficiency of the pathogen in RNA uptake [235]. Some difficulties in the application of
gene silencing include the degradation and uptake of RNA into the plant due to physical or
biological interference, the lack of transformability among various crops, and the potential
absence of genetic stability among silencing traits [236,237].

The pathogenicity of Fusarium graminearum was significantly reduced on barley leaves
by using a spray that released double-stranded RNA, targeting the FgAGO and FgDCL
genes in the RNA interference machinery of the fungus [238]. The pathogenic activity of
Phytophthora infestans, the causal agent of potato late blight, was significantly reduced by
gene-silencing targeting of the hp-PiGPB1 gene, coding for the G protein β-subunit [239].
Botrytis cinerea, the causal agent of grey mould on many crops, is potentially manageable
using gene-silencing technology. Spraying fruits, foliage, and flowers with exogenous
RNAs targeted to the DCL1 and DCL2 genes, coding for the fungus’ effectors involved in
pathogenicity, can obtain a significant reduction of the disease on tomato, lettuce, onion,
strawberry, and grapevine [240]. In addition, spray-induced gene silencing has been
effectively applied to reduce the virulence of the fungus on grapevine, both on potted
plants and on harvested bunches, by targeting the erg11 gene of the cytochrome P450
monooxygenase. Double-stranded RNA was sprayed under high pressure on the leaves,
absorbed by the petiole, and sprayed on the bunch at postharvest [241].

5. Concluding Remarks and Perspectives

The successful control of plant diseases in horticulture has long been a pillar of both
food production and the conservation of agroecosystems. At present, these two goals
are becoming increasingly urgent due to the rapid increase in human population and the
threats posed by climate change [242]. The global circulation of plant material, with the
potential introduction in new areas of dangerous phytopathogens, poses additional risks to
safeguarding crop longevity and, in some circumstances, concerns the whole landscape
of a territory. Within this context, high levels of crop productivity, conservation, and
improvements to agroecosystem fertility should not be viewed as contradictory, and the
development and utilisation of effective environmentally sustainable strategies should
be applied more consistently to integrate and substitute for chemical pesticides in the
near future [243]. Achieving good quality fruits and vegetables during the postharvest
period is a complementary and relevant goal to achieve [244]. This scenario is largely
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fostered by supranational policies that are supporting projects and developing strategies to
increase either the achievement of scientific and technical results or the wide acceptance
of a “greener” agriculture. Many scientists involved in various aspects of sustainable
agriculture complain about delays in achieving the regulation and commercial utilisation
of known and novel biopesticides and/or products that can control phytopathogens. The
safety and quality checks of these formulations are compulsory, but more frequent and
initiative-taking activities among regulatory institutions are required to promote the spread
of new active ingredients.

The conservation of agroecosystems according to sustainability principles greatly
depends on the development and application of environmentally friendly strategies on
a large scale. The “multi-stakeholder partnership” is an interesting strategy that could
support the spread and acceptance of sustainable agriculture. This concept highlights
the possibility that diverse groups in the agro-food chain can have common problems or
aspirations despite having different interests [245]. A striking example of such a strategy
for sustainable agriculture came from the agreement between Barilla, a well-known Italian
brand of pasta, and some private companies that produce and supply ingredients such
as tomato, sugar beet, and cereals; these organisations had no previous contact. These
partners, including the farmers of each single company, share mutual and diversified
interests in supporting their planned activities. The network also includes agronomists,
research centers, and universities. Single farms are directed to adopt crop rotation, nitrogen
fixer crops or green manure, and IPM in their agronomical practices. However, these
practices are ruled out in most common methods of production. Farms receive a supply
contract from Barilla with some guarantees concerning the price and quantity of the
product over many years [246]. These initiatives appear to be positive for improving the
circulation of sustainable principles in agriculture and should be expanded to promote
sustainable agriculture.
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